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ABSTRACT 
 
 
One remarkable advantage of hybrid bearings over all steel bearings is the elimination 
of separate oil lubricant system in applications, such as compressors and pumps in 
refrigeration and air conditioning units. High speed test runs restricted increase in 
speed due to material wear, which eventually affected the life of bearings. Being low 
saturation temperature fluids, change of phase is very common in refrigerants and 
cryogenic liquids, which lead to cavitation. Silicon nitride rolling elements with 
different sintering additives, properties and microstructure were experimentally 
studied to understand the nature of cavitation erosion.  
 
Advanced surface analysis technique was used study the erosive wear correlation to 
microstructure of test materials. Cavitation erosion wear initiated by multiple 
intergranular and transgranular fracture, leading to erosion pit formation. Grain size 
and grain boundary composition have shown to be the dominant factors for providing 
resistance to cavitation. Effect of surface defects and lubricant viscosity on cavitation 
erosion was investigated and is detailed in this thesis. A rotary specimen method was 
designed to study the effect of cavitation on rolling bodies. Computational modelling 
of acoustically generated cavitation was attempted and is also reported in this work. 
 
A novel test methodology was designed and manufactured by modifying a rotary 
tribometer to allow controlled experimental testing of two different phenomena 
rolling contact fatigue and cavitation erosion. This testing made it possible to study 
rolling and erosive wear mechanisms of rolling elements. Cavitation created far away 
in this new system is shown to be transported to the rolling contacts. The mechanism 
of material damage was by surface weakening due to mechanical impact of bubbles, 
which enhance fluid entrance and hydrodynamic pressure leading to wear initiation. 
Micro erosion pits formed in the rolling contact, which accelerated the damage by 
dislodging grains and bunch of grains.  This testing method is suitable for a 
qualitative assessment of cavitation-RCF damage for different fluids with varying 
viscosities, and operating conditions. 
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Chapter 1 
 
INTRODUCTION 
 
 
 
Bearings have played an undeniable role in all stages, from building simple machines to 
the high-tech equipment we use today. This invention made it possible to achieve almost 
all of the engineering advances in the last few centuries. Bearings reduce friction and thus 
greatly increase the efficiency of the moving part. The earliest known evidence of a 
bearing dates back to the construction of pyramids. Wooden cylinders were used to 
reduce friction for motion translation: the simplest form of bearing. This was followed by 
the usage of animal fat and olive oil to reduce friction in the early human civilization. A 
ball thrust bearing dated 40 AD was found in Lake Nemi near Rome (Leibensperger 
2003). Thus, the science of friction, wear and lubrication is not new, but started very 
early and is now termed as tribology. Invention of machines and industrial advancements 
increased the knowledge and importance of tribology. Nowadays, it’s impossible to 
ignore friction, wear and lubrication, and is hard to imagine an engineering world without 
bearings, lubrication, gears or cams.  
 
Another important field that has seen significant advancement over the past centuries is 
ceramics. Although they were known to humankind around 30,000 years ago, the greatest 
advance in this field begun since humans have been capable of conceptual thinking. The 
invention of furnace accelerated the improvement of ceramics properties and the 
invention of new ceramics and composites (Sentence 2004). Now they are widely used in 
almost all fields of engineering because of their high hardness, stiffness and chemical 
inertness. One of the most important of these applications is hybrid bearings, constructed 
of steel inner and outer rings, with ceramic rolling elements in place of steel. Hybrid 
bearings offer many advantages over all-steel bearings: These advantages make them 
well suitable for high speed and temperature applications such as machine spindles, 
turbines, and rocket engines. Generally, machinery speed is restricted by the DN of the 
bearings, but with hybrid bearings it is possible to achieve high speeds of up to 3 million 
DN and high operating temperatures of 17000C (Anon 2006). A recent advance in hybrid 
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bearings has been their use in compressors and pumps where the bearings run in 
refrigerants, which results in better performance, longer life and lower manufacturing and 
running costs. Refrigerant lubrication is advantageous where lubrication, maintenance 
and environmental issues are a concern (Fischbach et al 2007). The work presented in 
this thesis is an effort to provide more insight on the failure mechanisms of these bearings 
and thus providing support in the continuing investigation and development of hybrid 
bearings. 
1.1 Motivation:  
 
Bearings are everywhere from space shuttles to household appliances, automobiles, 
dentist drills, roller skates, and computer disk drives e.t.c. The bearing, a device that 
allows two parts to rotate or move in contact with each other, is directly related to the 
performance of all moving parts in a machine. Although, invention of bearings could date 
back to few thousand years, Leonardo da Vinci was the first to publish a manuscript on 
bearings in 1490-99 and show the precursor of a thrust ball bearing. These manuscripts 
describe the development of systems to reduce friction on rotating axles which resulted in 
disk and roller bearings made of wood and bronze (Morton 1965). Following this, cast 
iron was used as a material of choice for roller bearings for bucket pumps in 1556 
(Zaretsky 1971). One major breakthrough in bearing development was de Mondran’s 
carriage built in 1710, in which the wheels were supported by rolling bearings. The first 
rolling bearing industry was established in 1868 as a result of pedal bicycles. Galileo 
Galilei, John Harrison, Philip Vaughan and Friedrich Fischer were the major contributors 
of the bearings we use today.  The modern, self-aligning design of ball bearing is 
attributed to Sven Winquist of the SKF ball-bearing manufacturer in 1907.  
 
Continuing advances in the bearing industry mainly result from technological innovations 
such as offering variety of choices of materials, self-lubricating, more efficient bearings 
and bearing design for specialized applications. Steel was considered to be best choice for 
bearings because of its strength and the existing technology to produce and machine it.  
Bearing steel is typically high carbon chromium steel which also contains small amounts 
of manganese and silicon. However, applications of all-steel bearings are limited due to 
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their physical properties. For example, use of all-steel bearings for high temperature, 
corrosive and hostile environment, high speed and precision applications is not possible 
because of unsatisfactory performance. Ceramics and polymers can replace steel 
components in bearings and offer several advantageous over all-steel bearings. It is often 
said that “the most significant advance in ball bearings since the invention of bearings is 
the hybrid bearing”. Hybrid bearings have rings of steel and silicon nitride rolling 
elements as shown in Figure 1.1 
    
 
 
Fig: 1.1 Model of Hybrid bearing with steel races and Si3N4 balls.  
 
It was Dee, in 1970, who first proposed hot pressed silicon nitride for rolling element 
bearings as well as journal bearings (Dee 1970). Silicon nitride has low density and high 
stiffness as required for gas turbine and machine tool applications. Moreover, the high 
hardness, low coefficient of thermal conductivity and higher temperature capabilities of 
this material are well suited for rolling contact applications. Some of the advantages of 
hybrid bearings over all-steel bearings are as follows: 
• 30 to 50% higher running speed with less lubrication.  
• Increased bearing life of up to 10 times compared to that of all-steel 
bearings 
• Higher modulus of elasticity provides higher accuracy 
• Lower wear, corrosion resistant, non-magnetic and non-conductive. 
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One drawback of silicon nitride is that it is not easy to manufacture. But, over the past 
few decades, much research was devoted to the manufacturing methods of this material 
which achieved promising results. This has resulted in the replacement of all-steel 
bearings for several applications.  Hence, much research work was carried out on 
studying the rolling contact fatigue (RCF) of hybrid bearings, which is responsible for 
failure of rolling contact bearings. Thus, several publications on rolling contact fatigue 
experiments on silicon nitride are available (Wang 2000, 2002, Stewart 2002). 
Understanding RCF behaviour of rolling contact of materials and the influence of 
lubricants is a key factor to ensure good life of bearings. 
 
 One of the promising applications of hybrid bearings is in refrigeration and air-
conditioning applications. Fluid contamination and poor bearing lubrication is a big 
challenge in compressors and pumps used in refrigeration and air conditioning units. The 
working fluid (refrigerant) often mixes with the lubricant, saturating it enough to cause 
lubricant starvation. With poor lubrication, severe rolling wear accelerates which leads to 
the failure of bearings causing reliability problems. Previously, this problem was tackled 
by installing better bearing housings and seals to control the lubricant mixing with the 
working fluid.  In 2002, SKF, a bearing manufacturer, made a breakthrough by replacing 
these all-steel bearings with hybrid bearings. This replacement allowed the use of the 
working fluid as lubricant instead of a separate oil-lubricant system. This enabled 
significant improvements in the compressor pump design, operating performance, 
reliability and service life. Marshall Space Flight Center, NASA, USA and National 
Aerospace Laboratory of Japan tested hybrid bearings for space transportation systems. 
Advanced liquid hydrogen and nitrogen turbo pumps are used in rocket engines. The 
rotor speeds of these turbo pumps are restricted by the DN limits of bearings. Hybrid 
bearings are ideal for these applications and showed good performance of up to 3 million 
DN. However, performance can be limited due to a severe wear formation in this 
cryogenic environment. The cause, its mechanism and the influence of this wear damage 
on the life of bearings is not yet known. Any continuing success in this field of oil-free 
lubrication relies on understanding this failure mechanism and that is what motivated the 
work reported in this project.  
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1.2. Hybrid Bearings and River marks: 
 
Silicon nitride rolling elements are made from silicon nitride powder, compressed under 
high pressure and baked in a furnace. This homogenous material then undergoes lapping 
and several cycles of polishing to achieve the high-precision smooth surface required by 
the duty and design. Si3N4 on its own does not form a dense strong material when 
sintered with high mechanical pressure, but rather it decomposes into silicon and 
nitrogen. The discovery of fabricating silicon nitride and silicon carbide by reaction 
sintering was made in Great Britain in the 1960s (Richerson 1997). Without the aid of 
additives, silicon nitride cannot be made into a high strength pore free material. Different 
types of silicon nitride are available which are obtained through different manufacturing 
methods and sintering additives. Detailed material information of this material is 
presented in section 2.1.1 and in Appendix A. The original reason to develop silicon 
nitride was for use in gas turbine engines; where material must survive temperatures over 
11000C for several thousands of hours when subjected to high thermal stresses, thermal 
shocks, corrosion, creep and fatigue. Although silicon nitride is not yet widely used in 
gas turbines, its greatest commercial success is in hybrid bearings.  
 
As hybrid bearings provide several advantages over all-steel bearings, they made a 
successful entry into the refrigeration and air conditioning industry. Running hybrid 
bearings with pure refrigerant as lubricant is now possible. Surface examination of rolling 
elements subjected to this running conditions exhibit a unique type of wear, which is now 
termed as “river marks”. These river marks have also been found on hybrid bearings run 
in cryogenic fluids. This type of wear is unusual and was never found on hybrid bearings 
run under normal lubricating oils. This encourages looking at the running conditions in 
compressors and pumps in refrigeration and air-conditioning applications. A mechanism 
which can clearly describe this wear damage process and its initiation and progression 
under a contact load is required, for which a clear understanding of this working 
condition is necessary. This section presents a detailed review on the running conditions 
and the resulting damage that has been found in various applications. 
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1.2.1 Oil-free Lubrication:  
 
Efforts to increase the life of bearings in space shuttle engines are always challenging due 
to their unique operating conditions. This includes short duration runs for several minutes 
of high speed rocket turbo pumps and long duration runs for several hours of cooling 
system pumps at moderate speed and loads. A series of reports were published by NASA 
on the reliability of bearings used in space shuttles. One classic paper on bearings and 
seals for cryogenic fluids was by Scibbe (1967) which showed the results of bearing and 
seal performance in cryogenic fluids. Severe wear was found on the bearings, which he 
concluded was due to excessive heat generation. The source of local heating was found to 
be the rubbing of balls against the cage. They concluded that sufficient lubrication could 
eliminate the bearing wear, which would allow running bearings for several hours. In a 
later report by the same author (Scibbe 1968), a modified bearing design which had 
smaller ball diameters and more open raceway curvatures to minimize heat generation at 
high operating speeds was described.  
 
Following this, many studies were carried out on the effect of lubrication in cryogenic 
running conditions, thereby allowing a proper selection of lubricant for these applications 
(Dietrich 1969, 1970, 1975; Coe 1978).  Bearing testing was carried out using a modified 
five-ball fatigue tester for cryogenic temperature testing (Dietrich 1969). Rolling 
elements were SAE 52100 (carbon chromium) steel balls with fluorinated polyether 
fluids as lubricants. These tests were carried at a maximum Hertz contact stress of 3.4 to 
5.5 GPa and speeds up to 4750 rpm. The results were quite promising as they showed that 
fluorinated ethers could form elastohydrodynamic lubrication (EHL) films at a 
temperature range of 80 to 227 degree Kelvin. Although, using this lubricant was 
promoted for cryogenic fluid applications, the service life of bearings, however, remained 
unsatisfactory. 
 
A NASA technical paper (Armstrong 1988) clearly described the problems of bearing life 
in space shuttle main engines. It reported that the bearings used in high-pressure turbo 
pumps (HPOTP) in space shuttle main engines had shown severe wear after only 10 
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percent of their design service time. This encouraged NASA to investigate these bearings 
with the aim of increasing their service life. They identified the reason for short service 
life was due to large thermally induced internal loads and the high speeds at which 
bearings were run. The bearing life was further increased by changes in raceway 
curvatures and contact angles, variations in lubrication method and variations in the 
coolant flow rate. But, the major breakthrough in this bearing application came when 
hybrid bearings replaced all-steel bearings. The primary reason for this is the low 
centrifugal force offered by hybrid bearings which reduced bearing loads at high speeds. 
 
Initial testing of hybrid bearings for more than 280 starts and 135,000 seconds of hot fire 
test and flight time of HPOTP was achieved without any notable wear on the ceramic 
balls and steel raceways (Bursey 1996). Nosaka et al (1999) studied the tribo-
characteristics of hybrid and all-steel bearings for rocket turbo pumps. They investigated 
the self-lubricating performance of hybrid bearings and compared them with all-steel 
bearings. Testing was carried out to maximum of 60 minutes at a constant speed of 
50,000 rpm with a relatively low thrust load of 784 N, which was further increased up to 
2840 N. Hybrid bearings showed good wear resistance compared to all-steel bearings, but 
exhibited poor self lubricating characteristics.   
 
Marshall Space Flight Center, USA (Gibson et al 2000) built a bearing test rig to evaluate 
and develop rolling element bearings used in high speed cryogenic turbo pumps. This test 
was configured to run ball/ball/hydrostatic, ball/roller/hydrostatic or all hydrostatic 
bearings. Speeds of up to 35000 rpm were possible with this rig, which could operate in 
liquid nitrogen, hydrogen and oxygen. With the advancement in new bearing 
technologies, they found the best improvement was in hybrid bearings, which improved 
the baseline from 15 minutes to 420 minutes in the design. They carried out hybrid 
bearing testing in liquid hydrogen for approximately 75,000 seconds. After each test 
series, surface inspection revealed the presence of river marks as shown in Figure 1.2. 
These river marks are characterized by large width to depth ratios and run on the surface 
of the ball with small tributaries leaving the main line. They measured the width and 
depth of these marks and found a typical width and depth values of 0.14 mm and 
Chapter 1 
 - 8 -
0.005mm. They ruled out the possibility of fracture as none was noted until then. They 
also found that river marks did not grow further, rather as smaller tributaries branched out 
from the main lines. They concluded that the surface anomaly that has been called as 
river marks exists on some silicon nitride balls and their effect on bearing life needed to 
be studied. 
 
 
 
Fig: 1.2 River marks seen on silicon nitride balls and rollers run in cryogenic 
environments (Gibson 2000). 
 
Another report on this type of material degradation was published by National Aerospace 
Laboratory of Japan (Nosaka et al 2004). They reported on the successful testing of 
hybrid bearings run at a very high speed of 3 million DN (120,000 rpm) in liquid 
hydrogen. A bearing-seal tester was built to achieve high speeds and loads. They found 
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that hybrid bearings had relatively lower sensitivity in bearing load capacity and bearing 
torque than all-steel bearing in liquid hydrogen due to the formation of thick transfer 
films on the silicon nitride balls which could withstand high bearing load. Testing 
included hybrid bearings with silicon nitride balls, all-steel bearings and martensitic 
stainless steel (SUS 440C) bearings. All test materials were macroscopically examined 
after testing which ran for a total time of 20.4 minutes at a speed level of 113,000 to 
120,000 rpm with thrust loads applied from 980 N to 3140 N. Hybrid bearings showed no 
damage compared to the other two types, which exhibited severe wear. However, 
microscopic examination of silicon nitride balls showed presence of river marks, what 
they called as “superficial micro-cracks” as shown in Figure.1.3. These micro-cracks 
varied at depths with the maximum of 3 µm. They also found fractures with flaking 
occurred near those micro-cracks. Inspection after sectioning the balls showed that these 
superficial micro-cracks extended very little inside the ball. Their hypothesis on this 
damage formation was that it was due to a spike in the bearing temperature at a thrust 
load of 3,140 N, and concluded that the formation of superficial micro-cracks in silicon 
nitride was due to local frictional heating. This paper also cited work on high-DN bearing 
test conducted for VINCI engine (Bosson et al 1999), where similar surface damage was 
reported on silicon nitride balls, but nothing was reported about the cause and its effect 
on the life of bearings. 
 
 
 
 
Fig: 1.3. Superficial micro cracks on silicon nitride balls (Nosaka et al 2004) 
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1.2.2. Wear in Refrigerant Lubrication: 
 
In 1990s, several tests were carried out to test the implications of diluting oils with 
refrigerants in conventional all-steel bearings.  Although there was a good progress in 
lubrication issues with oil/refrigerant mixtures, major progress was not made until SKF 
successfully evaluated hybrid bearings run in pure refrigerant (Wallin 2002). Compressor 
designs make it difficult to avoid dilution of oils by refrigerants and they found that 
conventional all-steel bearings exhibited inadequate lubrication at dilution levels of 20% 
to 30%. With difficulties in improving the bearing performance, they tested hybrid 
bearings running in pure refrigerant and found that they not only eliminated the need for 
a separate oil lubrication system, but also enhanced the bearing performance. They also 
reported that refrigerants can actually form an elasto-hydrodynamic lubricant film due to 
viscosity increase under the very high pressures developed in the contact areas. This thin 
film formation is sufficient to lubricate hybrid bearings but not all-steel bearings. 
 
One promising application of oil-free lubrication reported by them was in centrifugal and 
screw compressors in chillers, which produce cold water for use in large air-conditioning 
systems and industrial processes. Different types of compressors are used for chillers; one 
good example is in centrifugal compressors, where oil is only used to lubricate bearings. 
By eliminating the oil lubrication completely, the following advantages were reported: 
 
• Design simplifications and cost savings 
• Eradicating failure modes associated with oil-based chiller lubrication 
systems 
• Associated problems with oil and refrigerant mixing can be avoided 
• Increased efficiency and environmental benefits. 
 
These advantages then lead to the concept of hybrid bearings to running in pure 
refrigerants in different applications. The advantage of hybrid bearing with oil-free 
concept was also proved to improve pump efficiency by completely eliminating the need 
of oil lubrication system (Mikalonis 2003).  These findings put hybrid bearings in several 
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applications where pure refrigerant was used as lubricant. Although a good success rate 
was achieved with the expected service life, some silicon nitride balls exhibited the 
presence of river marks as shown in Figure 1.4. These bearings were operated in pure 
refrigerant environment in an air-conditioning application. Failure analysis study on these 
samples revealed the river mark patterns as a main line with small tributaries running all 
over the ball. Until then, these river marks were only observed on silicon nitride balls run 
in cryogenic fluids such as liquid oxygen, hydrogen or nitrogen. 
 
 
 
Fig: 1.4. River marks on Silicon nitride balls (SKF) 
  
Surface measurements on river marks showed the deepest was almost 7 microns. EDAX 
analysis did not reveal any clear chemical attack and thus it was concluded that the river 
marks were formed by erosion. However, there is no clear proof to support this 
hypothesis. 
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1.3 BACKGROUND WORK: 
 
This section summarizes the necessary and relevant literature supporting the work 
reported in this thesis. During the start of this project, silicon nitride with river marks 
obtained from various applications was supplied by the project sponsor for surface 
examination. To rule out that river marks are not surface cracks, a surface examination 
was carried out in the laboratory. Surface cracks are hard to observe on ceramic surface 
even under very powerful microscopes. Some non-destructive techniques like X-ray 
radiography and ultrasonics can be used, but for a quick and effective screening, a 
fluorescent dye penetration technique is often used. This is done by cleaning the sample 
in acetone and soaking it in fluorescent penetrant post-emulsifiable solution for 
approximately 1 hour. The sample is then immersed in diethyl glycol mono-butyl ether to 
clean the surface of any traces of penetrant, which is then followed by a gentle rinse in 
tap water. The prepared specimen when observed under an optical microscope with an 
ultraviolet light source would reveal any presence of surface cracks. This method was 
followed for river mark specimens. The microscopic observations showed no surface 
cracks on the surface which proved that river marks are different. 
 
Being a low viscous and low saturation temperature fluid, refrigerant can undergo phase 
changes with drop in pressure due to geometry variations through the flow, possibly 
choked flow in bearings and seals. This phase changes are likely to cause cavitation and 
thus degrading the material by erosion. Also, silicon nitride balls in hybrid bearings have 
been extensively tested in various lubricating oils with no reports of the formation of 
river marks. Moreover, the cavitation erosion characteristics of silicon nitride are not 
clearly understood. Erosion coupled with rolling contact and its effect on the life of 
rolling elements is not yet known. These factors motivated the investigation of a 
cavitation erosion mechanism for silicon nitride and the effect of cavitation in rolling 
contact fatigue experiments. Thus, a profound knowledge on cavitation, cavitation in 
bearings, lubrication and rolling contact fatigue experiments is required for this work. A 
short summary and review on these topics are covered in the following sections. 
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1.3.1 Cavitation and Erosion: 
 
Cavitation became a major concern during the late nineteenth century with increased 
difficulties with ship propellers in achieving required speeds. The Thornycroft torpedo 
boat destroyer, Daring, built in 1894 in Britain did not reach the expected speed of 27 
knots but only 24 (Thornycroft 1895). An investigation showed that harmful propeller 
behaviour was the cause and it was called as “cavitation” derived from a Latin word 
Cavus meaning hollow.  Sir Charles Parsons became the first to study the effects of 
cavitation, namely erosion and pitting of propeller blades, for which he built a cavitation 
tunnel (Burrill 1951). But, well before this, in 1886, Reynolds clearly recognized the 
possible influence of cavitation on bearing behaviour (Osborne 1886). Nowadays, there is 
a good understanding on this concept of cavitation, which provides a safeguard in 
designing hydraulic structures, among engineers and scientists after continued 
examinations over a century. The phenomenon of cavitation can be defined as the 
formation and collapse of bubbles or cavities. A classic photograph of a collapsing 
bubble is shown in Figure 1.5 producing a micro jet. These cycles of bubble collapse on 
solid structures could lead to a progressive loss of material by surface fatigue mechanism. 
In short, cavitation is an abnormal condition in hydraulic structures resulting in loss of 
production, equipment damage and even personnel injury. Components that have proved 
to be susceptible to damage due to cavitation erosion include marine propellers, bearings, 
pump impellers, valves, pipes and cylinder liners. 
 
Fig: 1.5. A classic photograph by Crum showing micro jet development during bubble 
collapse. Bubble diameter approx. 1mm (Crum 1996) 
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The theoretical tensile strength of water at room temperature is approximately 101.3 MPa 
(Young 1999), but cavitation is observed at pressure amplitudes of 0.1 MPa. This implies 
that bubble formation due to pressure drop is merely the growth of pre-existing minute 
bubbles, called bubble nuclei. Hence, bubble formation means both creation of new 
bubbles or expansion of bubble nuclei. Cavitation can be initiated by any of the following 
three ways when pressure is reduced to a negative value (Young 1999): 
 
• Presence of large number of minute spherical gas bubbles 
• Solid impurities or particles with gas trapped in 
• Trapped gas in the tiny cracks or splits of the vessel containing the liquid. 
 
This cavitation initiation process can be accomplished by either creating tension or by 
depositing energy into the liquid. Cavitation can be gaseous or vaporous depending on 
whether a gas or vapour is contained in the bubble. Bubbles can grow steadily oscillating 
in the liquid until it becomes unstable and collapse called as stable cavitation. On the 
other hand, bubble growth and collapse can be rapid and violent which is called as 
transient cavitation. This cavitation process has four major characteristics as follows 
(Chen 2002): 
 
• High pressure: During cavitation, pressures can reach up to hundreds of MPa 
or even GPa, which is higher than the elastic limit of most engineering 
materials. 
• High temperature: The temperature during collapse is estimated as several 
thousand degrees centigrade. Experiments were made to measure the 
temperature during bubble collapse, using a similar system to measure star 
temperatures which revealed that the temperature could be four times that of 
the sun’s surface (Flint 1991, Flannigan 2005 and Crum 1995) 
• Small dimension: The impact on the solid surface caused by bubble collapse is 
very small in the order of microns 
• Short time: The duration of this collapse process is very short often in 
microseconds. 
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These high pressures and temperatures result in material damage and noise. If the 
resulting stresses exceed the elastic limit of the material, this will lead to plastic 
deformation. The collapse of bubbles results in shockwaves and micro jets, and from 
various studies made in the past decades, it seems that both contribute to material damage 
(Brennen 1995). Once a bubble collapses on to a solid surface, it breaks down into 
smaller parts as minute bubbles or nuclei, which again grows and get collapsed as the 
previous one. Lindau investigated the effects of counter jet development on material 
damage after bubble collapse (Lindau 2001). He concluded that this counter jet consists 
of micro bubbles with two to three times less magnitude of the micro jet developed 
during collapse and contribute to material erosion. Laboratory studies of cavitation and 
erosion are plenty (Young 1999, Brennan 1995, Lin 2005, Tao 1971). Chapter 2 of this 
thesis describes the available testing methods and the one chosen for this study. The 
mechanism of cavitation erosion and the effect of material properties and cavitation 
conditions on silicon nitride are detailed in Chapter 3. 
 
Along with all these disadvantages, there is also a good side to cavitation. Scientists are 
working on ways to make use of cavitation for useful purposes, which resulted in 
supercavitation (Kirschner 2001, Rowe 2000). This is a hydrodynamic process, in which 
a cavity is used to transport undersea objects at high mach numbers, such as underwater 
supersonic projectile and is of particular interest to navies. The major applications of 
supercavitation are in underwater body motion for very high speeds and supercavitating 
water jets (Savchenko 2001). This flow investigation started early in the 20th century for 
guiding missiles and underwater vehicle. A supercavitating torpedo which reaches 800 
km/hr was reported (DIEHL 2006). The super cavitation was also proposed as a method 
to suppress noise (Grinchenko 1998). 
 
1.3.1.1 Cavitation in Bearings: 
 
In order to reduce friction and wear, lubricants and process liquids are used in bearings.  
Fluids in bearings are forced to flow due to shearing forces of mechanical surfaces which 
generates hydrodynamic pressure. This pressure is non-uniform and varies at different 
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regions in the bearing. When the film thickness increases locally at certain areas, the fluid 
pressure may drop below its vapour pressure and lead to release of dissolved gases which 
results in cavitation. The form of cavitation in bearings is due to the ventilation from the 
surrounding atmosphere or, as mentioned earlier, due to surface crevices. Figure 1.6 
shows a lubricant cavitation in journal bearing. Cavitation in lubricant thin films can not 
only cause material damage due to erosion but also affect the load carrying capacity of 
bearings. Thus, cavitation effects on bearings and their stability have been extensively 
studied and are well documented in literature (Dowson 1974, 1979, Garner 1980, Berthe 
1975, Hamrock 1994, Heshmat 1988) 
 
 
 
 
Fig: 1.6. Journal bearing showing lubricant cavitation zone (Andreas 2000). 
 
From observations, different forms of cavitation erosion have been postulated in 
bearings. (Dowson 1979) lists them as following: 
 
• Suction erosion: this occurs when the journal of a bearing recedes rapidly from a 
bearing surface. Examples: crankshaft or crankpin. 
• Discharge erosion: this results from the displacement of oil ahead of a shaft 
moving radially 
• Flow erosion: this is due to the flow of lubricant across discontinuities i.e. liquid 
jet and particles immersed in the lubricant causing particle erosion. 
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• Impact erosion: this can arise due to oil supplying from a main to a big end 
bearing which passes from grooved to an ungrooved portion of the bearing 
surface 
• Dispersed erosion: this type of erosion can occur due to rippling of top layers in 
the lubricant. 
 
Gaseous or vaporous cavitation can occur in bearings depending on the steady or 
dynamic loading bearing conditions. Vapour cavitation in a dynamically loaded journal 
bearing was first recorded by Hamrock using high speed photography techniques 
(Jacobson 1983). The effect of shaft frequency on the cavitation formation and damage 
was also investigated and concluded that the increase in shaft frequency caused a delay in 
cavitation onset (Brewe 1987). Theoretical studies on cavitation in bearings are extensive 
and are well documented in literature (Elrod 1974, 1981, Floberg 1961, Zeiden 1989, 
Feng 1989, Vincent 1996, Rapposelli 2001). Due to variations in the speed, load and 
designs it is not always easy to identify the exact cause of cavitation. However, cavitation 
does occur and cause material damage thereby affecting the efficiency of the hydraulic 
structure. Below Figure 1.7 shows an example of damage caused by cavitation in 
bearings. 
 
       
      (a)       (b) 
 
Fig: 1.7. (a) Cavitation erosion of diesel engine main bearing and (b) wear on 
hydrodynamic bearing surface (Chen 2005). 
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1.3.1.2 Erosion in Ceramics: 
 
Ceramics form a wide class of materials and, like metals, have a broad range of 
applications including body armour and hip implants. They are also used as coatings in 
many cases due to their excellent wear and temperature resistant properties. Glasses, 
traditional and engineering ceramics, cement and concrete, rocks and minerals, and 
ceramic composites all belong to this class. Ceramics are characterized as highly brittle 
solids with a typical fracture toughness range of 1 to 12 MPam1/2, high elastic modulus 
(usually much greater than metals), high compressive strength and very high hardness. 
Other properties like creep and wear resistance, chemical inertness and high melting 
point make them very attractive for engineers and designers for applications such as 
nozzles, turbine blades, heat exchangers, steam pipes and with fluids and/or particles 
dispersed in liquids. Erosion characteristics of these ceramics must be clearly understood 
to use them in such applications and hence plenty of work has been reported in this field 
as well (Wang 1996, Khalil 1996, Lathabai 2000, Wakuda 2003).  
 
Silicon nitride is very difficult to manufacture and is expensive too. Commercially 
produced silicon nitride ceramics are available with a wide variety of compositions and 
microstructures. This makes it possible to test this material with different composition 
and microstructures. (Hyeon-Ju Choi et al 2003) have tested three different types of 
silicon nitride, which different microstructures and have concluded that microstructure 
has a large influence on the wear rate. Erosion was created by impacting with silicon 
carbide abrasives of 130 µm size at an incident angle of 900.  
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Fig: 1.8 (a) Erosion rate against temperature and (b) shows eroded area of silicon nitride 
(Hyeon-Ju Choi et al, 2003). 
 
Their results showed that coarser the microstructure the higher the rate of erosion and that 
the rate depended on the grain size more than on mechanical properties including 
hardness and the fracture toughness. Erosion occurred mainly by grain dislodgment 
following inter-granular fracture. Figure 1.8 (a) shows erosion rate plotted against 
temperature and 1.8 (b) an eroded area. Another paper published in the same field by 
(Lim et al, 2003) showed similar results, but concluded that the eroded region exhibited 
extensive plastic deformation and grain pullout. They also showed that loss of binding 
strength between debris with increase in temperature that resulted in higher wear rate. 
Three times increase in cavitation resistance due to LASER surface alloying of silicon 
nitride coating was reported because of high fracture toughness (Man 2000).  Niebuhr 
(Neibuhr 2007) investigated cavitation erosion of ceramics in aqueous solution and 
concluded that silicon nitride had the highest resistance to cavitation compared to that of 
other ceramics tested. Also, the mechanism of material failure reported in his paper was 
consistent among all materials and was due to intergranular fracture. Cavitation erosion 
on silicon nitride materials apart from coatings was not reported, and so the wear 
mechanism in this material due to cavitation was not understood. Moreover, cavitation 
erosion and their relation to rolling contact wear, and their combined influence on rolling 
elements was not reported. 
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1.3.2 Rolling Contact Fatigue:  
 
Rolling contact fatigue (RCF) is the major cause of failure in components subjected to 
rolling or rolling/sliding contacts (Stewart 2002). Apart from bearings, gears and 
cam/tappet arrangements are some of the examples which undergo rolling contact fatigue. 
RCF is a surface damage process on rolling bodies which roll on each other and are 
subjected to repeated stress cycles; a schematic is shown in Figure 1.9. This section 
covers only the RCF review on bearings, in particular hybrid bearings, mainly due its 
interest and relation to this project. Among different bearings, RCF occurs in ball 
bearings in contact with the inner and outer raceways, in shafts in contact with sliding 
bearings and in roller or needle bearings in contact with the outer raceways (Fernandes 
1997). The failure due to rolling contact fatigue involves crack initiation and propagation 
leading to material removal. In the case of conventional all-steel bearings, microscopic 
pits or micro-pits form first, which act as stress concentrators for further damage. These 
pits over time grow into macro-pitting due to flaking. These finally end up as a large 
craters or deep pits called as spalls as significant material is removed (Stewart 2002). In 
ceramics, crack initiation and propagation is the mechanism which then leads to 
delamination (Wang 2002).  
 
 
     (a) 
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(b) 
 
Fig: 1.9 (a) Schematic of contact profile of rolling element on raceway (Zaretsky et al  
2005) and (b) SEM image of a spall on Si3N4 after 16 million stress cycles (Wang 2002). 
 
Rolling contact life of bearings can be expressed using the theory of Lundberg and 
Palmgren put forward in 1940s as (Wang et al 2000): 
 
L = (C / P) n/3 
Where, 
L – Bearing fatigue life in million revolutions 
C – Dynamic load capacity rating 
P – Bearing equivalent dynamic load 
n – Stress life exponent 
 
In general, rolling contact fatigue life of rolling elements largely depends on the surface 
quality, lubrication conditions and stress distributions. In order to predict the rolling 
contact fatigue life of rolling elements, laboratory RCF testing is commonly done. To 
date, there are several different testing methods available, variations in the RCF tester 
itself (Kang 2003, Manoj 2007). RCF testers which can directly assess the rolling 
element ball samples are Four-ball rolling tester (Tourret and Wright 1977), Five-ball 
rolling tester (Parker and Zaretsky 1975), Rolling element on flat tester (Dalal 1975), 
Three-ball on rod tester (Chao et al 1998) and V-Groove ball tester (Galbato et al 1992). 
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Apart from these, Disk on disk RCF tester is also used to study RCF behaviour of rolling 
elements (Effner and Woydt 1998). The main difference among these testers is the 
configuration they provide, which reproduces the actual running conditions. The rolling 
fatigue tester used for this project is described in Chapter 2. Since erosion in hybrid 
bearings is the main focus topic of this project, the effect of lubricant in the rolling 
contact fatigue wear is important. Therefore, the following sections review the findings of 
silicon nitride with steel contact in different lubricants resulted from various laboratory 
testing.  
 
1.3.3.1 Lubrication Oils:  
 
Tribological behaviour of hybrid bearings is hugely influenced by the type of lubricant 
used. Since rolling contact bearings are widely used in numerous applications, it becomes 
necessary to evaluate the rolling contact life in various lubricating fluids. Most 
importantly, understanding the role of lubricant in the rolling contact life of bearings is 
required. Hence, several investigations were made in the past and their results were 
published (Stewart 2002, Wang et al 2000, Zhao 2004, Bower 1988 and Wang 2000). It 
was found that the lubricant not only plays a role in the life of hybrid bearings, but also 
has a vital role in the rolling contact fatigue failure mechanism. Example situations 
include the lubricant pressure acting as a crack opening force (Keer 1983, Kaneta et al 
1985), lubricating the crack faces which increase the shear stress intensity factor (Bryant 
1984) and the fluid entrapment mechanism (Bower 1988).   
 
Noteworthy contributions on the effect of lubricant on RCF life and failure mechanisms 
in hybrid bearings have been made by Ping Zhao and Mark Hadfield (Zhao et al 2004, 
2006). They reported on the role of the lubricant on the life of hybrid bearings, precisely 
explaining the lubricant role in the formation of secondary surface cracks. These studies 
were made on silicon nitride balls with pre-existing cracks. This allowed them to 
understand the formation of secondary cracks and subsequent failures under various 
lubricants. Test lubricants were grease, gearbox and traction oil, with a wide variation in 
their properties.  RCF tests with traction oil showed decreased fatigue life relative to 
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grease indicating the effect of lubricant on the rolling contact life of hybrid bearings 
under the same operating conditions. Results of their findings are shown in Figure 1.10. 
 
 
Fig: 1.10. Rolling contact fatigue life with various lubricants and contact stresses (Zhao 
et al 2004) 
 
The above Figure 1.10 shows no fatigue failure with gearbox oil and grease when the 
maximum contact pressure was less than 5 GPa for 20.2 X 107 cycles. But, on the other 
hand, traction oil showed fatigue failure after a short period of testing for about 68.5 
hours. This is a clear proof that lubricating oils have a significant effect on the life of 
hybrid bearings. With these results, they have concluded that the use of grease might 
prevent oil penetration in the crack or at least delay its penetration. Also, they stated that 
increasing the surface tangential traction decreases the rolling contact life and hence the 
reason why RCF performance was less satisfactory with traction oil which increased the 
surface tangential traction. All failure mechanisms reported were due to secondary crack 
formation leading to spalling. However, no difference in the failure mechanism with 
regard to lubricant was reported in their findings. 
 
Chapter 1 
 - 24 -
1.3.3.2 Refrigerant-Oil Mixtures:  
 
Following the Montreal protocol on substances that deplete the ozone layer, 
chloroflurocarbons (CFCs) were substituted by hydroflurocarbon (HFCs). There is no 
technical reason to replace CFCs if the system does not leak refrigerant to the atmosphere 
and operate properly. Anyway, the change has been made and it has put pressure on 
compressor manufacturers to design the equipments to accommodate HFCs. Since the 
most important property of a lubricant is to form a film that separates surfaces in contact, 
HFCs were extensively investigated to determine and enhance their lubrication 
properties. Refrigerant-oil mixture lubrication studies are plenty, but only pure 
refrigeration is reviewed here due to close relevance to this work. 
1.3.3.3 Refrigerants:  
 
Khan et al published a series of papers on rolling contact fatigue of ceramic/steel contact 
in pure refrigerant lubrication (Khan 2005A, 2005B, 2006). A pressurized chamber was 
used for their study, which allowed them to achieve liquid state of the refrigerant in RCF 
experiments satisfying the boundary lubrication conditions. A high speed four-ball rotary 
tribometer used for this project was then adapted for their refrigeration experiments. 
These were aimed at evaluating the influence of refrigerants HC (R600a) and HFC 
(R134a) on rolling wear of hybrid contacts. Shaft speeds up to maximum 5000 rpm and 
contact pressure of about 7 GPa was tested. Test specimens were commercial silicon 
nitride balls with pre-existing surface defects such as indents and cracks. They reported 
higher fatigue life in R134a than in R600a, supported by the possible reason that fluoride 
layer formation in sliding surfaces in the former environment.  
 
The gaseous phase of the refrigerant was reported to result in severe wear. Time for 
specimen failure varied from less than 3 minutes to several hours. The mechanism of 
failure was crack growth or propagation leading to secondary cracks which finally 
resulted in spalling. The position of the crack in the rolling contact had a huge influence 
on fatigue life of test specimens. Further, residual stress relating to stress cycles and 
specimen defects were detailed. An inverse relationship of compressive residual stresses 
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to the number of stress cycles during rolling contact fatigue was proposed to use a 
measure to estimate residual fatigue life. Sub-surface crack initiation and propagation 
was reported as the mechanism for material failure due to spalling. However, no erosive 
wear was reported in their study. 
 
1.3.3.4 Cryogenic Fluids: 
 
Hybrid bearing tests in cryogenic fluids are limited as only a very few reports have been 
published so far. (Nosaka et al 1999) from the Japanese National Aerospace Laboratory 
published their findings on wear characteristics of all-steel and hybrid bearings tested in 
cryogenic environments. Bearing test equipment was built to achieve high speeds of up to 
a maximum of 35,000 rpm with thrust loads to 2840N. They tested all-steel and hybrid 
bearings in liquid hydrogen, oxygen and nitrogen. Test materials were self lubricated by a 
thick layer of PTFE (polytetrafluoroethylene) which was generated from a glass coth-
reinforced PTFE retainer. The bearing tester allowed a test bearing to be installed in the 
bearing housing which was completely immersed in cryogenic fluids.  
 
Results obtained from tests at various speeds, loads and durations were reported. A 
comparative study on all-steel and hybrid bearing performance was done in these three 
cryogenic fluids. All-steel bearings showed good performance in liquid hydrogen and 
oxygen, but severe wear was noticed when tested in liquid nitrogen. Surprisingly, poor 
performance of hybrid bearings in liquid oxygen was reported even at a low speed of 
10,000 rpm with a relatively lower thrust load. Microscopic examination of this test 
specimen showed little evidence of spalling or stress cracks. But, a severe adhesion 
between steel races and ceramic balls were reported. The reason for this poor 
performance in liquid oxygen was attributed to the weak adhesion of PTFE transfer film. 
Nothing about river mark type wear was mentioned in their work. 
 
The very first report on the development of a new testing facility for tribological tests in 
cryogenic environments was by Subramonian (Subramonian et al 2006). The so called 
cryogenic tribometer provide similar testing facilities to a normal tribometer. Two 
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notable features of their tribometer is the roller-on-disk and the ball bearing tester 
submerged in cryogenic fluids. This cryogenic tribometer can only be used to study 
friction and wear characteristics in sliding contacts and not rolling contacts. Also, their 
published results did not include ceramic materials but only steel. Tribological testing 
under these conditions is an important background for this project and hence it is worth 
reviewing their work. Figure 1.11 below show the design description of this tribometer. 
 
 
Fig: 1.11 A detailed description of ball-on-disk high speed cryo-tribometer. 
(Subramonian et al 2006). 
 
This tribometer consists of main modules of a spindle assembly coupled with a motor and 
a gear box to transfer motion with 14 speeds in steps from 850 to 36,000 rpm. A bearing 
housing unit holds the test specimens in cryogenic fluids and a constant level was 
maintained by an external supply. Test materials were smoothly polished SS304 stainless 
steel and 440C grade martensitic stainless steel with cages made of glass fiber reinforced 
PTFE composite material. Surface analysis after testing showed highly uneven worn 
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surface with cracks originating from the central region of the wear track and propagating 
perpendicularly to the sliding direction as shown in Figure 1.12. This wear was noted 
only at high sliding speeds of 22.4 m/s; at low speed of 0.89 m/s no signs of wear were 
reported. This clearly signifies that high speed plays a leading role in the wear process. 
They concluded that wear formation was mainly due to repeated abrasion of asperities 
resulting to fracture. However, nothing about ceramic materials, erosion or river marks 
was reported. 
 
          
 
Fig: 1.12 Cracks on wear track of test materials in liquid nitrogen. (Subramonian et al 
2006). 
 
1.4. Aims and Objectives: 
 
The principal aim of this project is to investigate the cavitation erosion wear mechanism 
of silicon nitride and the effect of erosion in rolling contact fatigue life of hybrid 
bearings. With the increased demand and widespread applications of hybrid bearings, a 
wear mechanism which clearly describes the process of cavitation erosion namely 
initiation and progression and its effect on rolling contact is required. This aim can be 
divided into individual objectives as follows: 
 
• Acquire knowledge on cavitation erosion concept and experiments to install 
cavitation erosion testing facility in the laboratory. 
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• Experimentally study the erosive wear mechanism on silicon nitride using 
advanced surface analysis techniques. 
• Perform a comparative study on silicon nitride with different microstructure and 
physical properties to identify the parameters which provide resistance to erosion. 
• Examine the effect of lubricant and surface defects on cavitation erosion. 
• Identify the effect of cavitation flow conditions on the rate of erosive wear. 
• Find the correlation between cavitation erosion and river mark type wear as seen 
in application bearings. 
• Computational fluid dynamics modeling of bubble dynamics generated by 
acoustic cavitation test bench to understand the strength of impact forces on test 
materials 
• Perform a coupled-field analysis to simulate the fluid-structural interaction (FSI) 
of collapsing bubbles on silicon nitride rolling elements 
• Design and manufacture a test rig to couple controlled erosion and rolling contact 
fatigue testing, termed here as “Mechano-Erosion” 
• Inspect the effect of liquid/gas phase transition in the lubricant on the life of 
rolling elements. 
• Investigate wear mechanisms of hybrid and ceramic contacts due to both erosion 
and rolling contact in the novel mechano-erosion testing. 
• Study the effect of lubricants on the material degradation in Mechano-Erosion 
testing. 
• Examine the effect of contact stress, rolling speed and cavitation intensity on the 
material wear rate. 
 
1.5 Overview of Thesis: 
 
Importance and the role of hybrid bearings in engineering advancements were discussed 
in this Chapter. A detailed review on the background work and supporting literature was 
also covered along with aims and objectives of this work to address the problems 
encountered by hybrid bearings in oil-free lubrication applications. 
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Chapter two contains all the details of experimental work carried out in the laboratory. 
This includes the testing approach, cavitation erosion and rolling wear testing setup, 
specimens tested and visual inspection techniques for surface analysis such as light 
microscope, scanning electron microscope (SEM) and optical interferometry methods. 
 
Chapter three covers the erosion mechanism of silicon nitride, documenting the process 
of wear due to cavitation from wear initiation to the final material failure. The effect of 
material properties, microstructure and fluid flow conditions on the progression of 
erosion is also discussed in this Chapter. 
 
 
Chapter four describes a new testing methodology to combine laboratory erosion and 
rolling contact testing. All experimental studies carried out using this testing method is 
detailed in this Chapter. 
 
Chapter five contains a brief summary of this work and overall conclusions reached. It 
also discusses the recommendations to continue this work in future. 
 
Appendix A contains a concise data on silicon nitride: namely, manufacturing and 
processing routes, types and its applications 
 
Appendix B details the different experimental methods to perform cavitation erosion 
testing discussing the advantages and disadvantages of each method. 
 
Appendix C contains all the supporting pictures and data of laboratory experiments 
performed for this project. 
 
Appendix D contains the numerical study of cavitation using Rayleigh-Plessent equation. 
This contains modeling of fluid flow conditions due to acoustically generated cavitation 
using advanced finite element and computational fluid dynamics.  
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Chapter 2 
 
EXPERIMENTAL METHODOLOGY 
 
 
 
Several sets of laboratory experiments were conducted to study the erosive and rolling 
wear mechanism of silicon nitride. Many parameters influence the cavitation and rolling 
wear testing and a careful attention must be paid to successfully perform these 
experiments. Hence, all testing performed for this project underwent a systematic 
procedure such that every crucial test parameter was controlled and monitored 
individually. All these experimental data: equipments employed, procedures followed, 
result observation are briefly described in this Chapter. Section 2.1 presents the test 
materials used for this study followed by section 2.2 which discuss the testing approach: 
mainly the test procedure and details of test setups, and finally section 2.3 presents the 
post-processing of experimental data.  
 
2.1. Test Materials: 
 
Silicon nitride manufactured into bearing rolling elements was used as test materials for 
most of the testing in addition to bearing steel for a comparative study. As mentioned 
early, the primary objective of this project is to understand the erosion characteristics of 
ceramic rolling elements. Hence, it was decided to use the rolling elements itself as test 
materials rather using any other form of silicon nitride. This allowed us to have the 
materials which are typically employed in bearing applications. Wear or any other form 
of material degradation of these application samples enabled us to compare the results 
obtained in the laboratory. These rolling elements are spherical balls of 12.47 mm 
diameter and were precisely polished to a surface roughness of submicron accuracy. 
Manufacturing rolling elements to such a level of polished surface follows a series of 
steps from blank silicon nitride powder to polishing with diamond paste, and is a time 
consuming and very expensive process. Manufacturing of these test materials is out of the 
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scope of this project; however test materials of different manufacturing methods resulting 
in different microstructure and sintering additives are important factors for this erosion 
study. The processing details are described in appendix A. Hence, rolling elements from 
different commercial manufactures with varying properties were utilized for this study.    
 
2.1.1 Silicon Nitride: 
 
Silicon Nitride is prepared by sintering or direct reaction between silicon and nitrogen at 
high temperatures. Three crystallographic structures of Si3N4 exist, of which α and β 
phases are common and can be produced at normal pressure conditions. These phases 
have trigonal and hexagonal structures respectively which are formed by corner-sharing 
SiN4 tetrahedra (Wikipedia, 2007). Further details of this material including 
crystallographic structures, different manufacturing methods are provided in appendix A. 
Compared with other ceramics, silicon nitride has higher fracture toughness due to the 
presence of β grains which is well known to deflect the crack (Huang et al 1996). 
Fracture toughness values of 10 MPa m1/2 of silicon nitride has been reported (Wang 
2001). This makes this material widely used in several engineering applications. In 
particular, hot isostatically pressed silicon nitride is well suited for bearing applications. 
Silicon Nitride is broadly classified into two types based on the processing types as 
follows: 
 
• Sintered silicon nitride (SSN) 
• Reaction Bonded Silicon Nitride (RBSN) 
 
Apart from the processing types, silicon nitride is further classified into three types based 
on the manufacturing methods: 
 
• Hot Pressed Silicon Nitride (HPSN) 
• Gas Pressure Silicon Nitride (GPSN) 
• Hot Iso-statically Pressed Silicon Nitride (HIPSN) 
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Test materials used for this project were produced by hot iso statically pressed. This way 
of manufactured silicon nitride has shown better bearing performance and offer several 
characteristics like zero porosity, high fracture toughness, hardness, strength, fine 
microstructure and minimum dopant level. Extremely pure starting powders are required 
to develop such a high quality silicon nitride ceramics. This initial stage determines the 
characteristics of sintering and the subsequent microstructure formation. Blank silicon 
nitride ball is produced by traditional machining processes such as blending, milling and 
agglomeration. This is further densified by liquid phase sintering at pressures of 200 to 
300 MPa and at temperatures of 1750 to 1900 0C. This can only be achieved using 
indirect methods by adding chemical additions called as sintering additives. The most 
common sintering additives are Magnesium oxide (MgO), Yttrium oxide (Y2O3) 
Aluminium oxide (Al2O3). The factors which determine the percentage of additives 
largely depend on the application of the final silicon nitride ceramic and sintering 
conditions. Commercial manufactures of silicon nitride balls do not provide the exact 
values of the sintering aids used, but approximate values can be deducted from energy 
dispersive X-ray spectrum.  
 
Densified material undergoes several stages of polishing to achieve very fine polished 
surface free from any pores. Several screening techniques are employed at the final stages 
of this manufacturing to screen for any surface defects such as pores or cracks. This 
ensures good quality of the final product. Silicon nitride materials used for this project 
are from different ceramic manufactures. These are widely used in several engineering 
applications. These three materials named here as A, B and C are very successful in the 
present bearing industry and hence the reason for selection. Moreover, the variations in 
their properties, microstructure and sintering additives are essential for a comparative 
study on the mechanism of cavitation erosion. Mechanical properties of these materials 
are presented in Table 2.1. Plasma etching and high magnification microscopy techniques 
are described in the final sections of this Chapter. These methods were used to image the 
microstructure of these three test materials and are shown in Figure 2.1. As shown in the 
below Table and Figure, these three materials have a huge variation in the microstructure, 
Chapter 2 
 33 
properties. These key factors were considered for the erosion study to assess their 
influence on wear resistance and are described in Chapter 3 of this thesis.    
 
 
Material Hardness Indentation Avg. Grain Young’s Surface 
  (HV 10 Fracture     size (µm)  Modulus Effective 
    kg/mm2) Toughness       (GPa)  strength 
       (MPa√m)      (kJ/m2) 
 
    A  1600-1700     6.4-7        0.3    290     15.8 
 
    B  1630-1750     6.3-6.5        0.7    310     12.9 
 
    C  1520-1560     5.8-6.1        0.6    320     12.55 
 
 
Table: 2.1. Mechanical properties of test samples (SKF) 
 
          
(a) (b) 
 
 
(c) 
Fig: 2.1 Plasma etched images of test samples A, B and C in order (SKF). 
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2.1.2. Bearing Steel: 
 
All-steel bearing balls were also used for erosion testing along with Silicon Nitride balls. 
Moreover to study the effect of erosion in hybrid contacts steel balls are necessary and 
were used appropriately with silicon nitride. This steel ball is carbon chromium steel and 
the dimensions are same as the silicon nitride balls which is 12.7mm in diameter. This 
has an average roughness of 0.02 µm Ra. Mechanical properties of this material are 
presented in the below Table 2.2 
 
 
Density      Hardness   Fracture Poisson’s      Young’s    Bending      Yield 
g/cm3      (HV 10   Toughness    ratio          Modulus    strength       Strength       
kg/mm2)               (MPa√m)            (GPa)    (MPa)            (MPa) 
             
 
   7.85  700         25      0.3           270         2400             2030 
 
 
 
Table: 2.2 Properties of Bearing steel (Wang 2001) 
 
 
2.1.3. Test specimen preparation: 
 
Fresh samples from manufactures were used for most of the tests which did not require 
any further sample preparation for testing. But despite sophisticated screening techniques 
deployed during manufacturing process, silicon nitride balls manufactured are not always 
free from surface defects. Mainly surface cracks, star defects, tiny pits result during the 
final stage of the material preparation. This final preparation stage comprises polishing 
using diamond paste. This motivated us to also test specimens with pre-existing defects. 
These defects were created in the laboratory as part of experimental preparation and are 
detailed in this section.  
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2.1.3.1. Indentation and Crack Generation: 
 
Star defects and tiny pits are similar to indents. Vickers Hardness indent were made on 
some samples to study the erosion behaviour of surface defects.  This uses a square 
shaped pyramid diamond tip to create indent as shown in Figure 2.2. Steps followed 
were: 
• Silicon nitride ball was placed in a chuck and the indenter was pressed on the 
specimen with the required load. 
• Duration of load application varied from 10 to 20 seconds 
• Indent was carefully marked using the microscope eyepiece 
• Specimen was removed and dimensions of the indent were measured using an 
optical microscope and 3D surface measurement system. 
 
 
 
Fig 2.2 Indent generation and resulting indent (TWI).   
 
Artificial surface ring cracks were produced on silicon nitride balls. An available crack 
generating device (CGD) in the laboratory was used for this purpose which is shown in 
Figure 2.3. The working principle of this device is similar to impact tests. This consists of 
a base and a pendulum hammer. A high force is applied for a very short period of time 
which is achieved by the impact of the pendulum hammer. The swing angle of the 
pendulum is directly proportional to the applied force. Test specimens were fixed in the 
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appropriate places – one at the base stand and the other in the pendulum.  The pendulum 
hammer was lifted to the required angle of impact and allowed to drop under gravity to 
generate the crack. The angle of impact and impact force are displayed in the device. The 
area of impact was marked and the crack geometry was measured in a similar way as was 
followed for indents.   
 
 
 
 
Fig: 2.3 Crack generation using a Plint impact pendulum 
 
         
(a) (b) 
 
Fig: 2.4 (a) Vickers Indent and (b) Surface crack on test samples 
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Apart from fresh and surface defect specimens, some silicon nitride specimens were cut 
and polished to understand the cavitation behaviour in flat polished surfaces. A rotating 
diamond cutting wheel lubricated with water was used for sectioning silicon nitride balls. 
Low cutting speed and pressure was used to carefully section the specimen without 
damaging both the specimen and the cutting wheel. For a 12.7mm diameter silicon nitride 
ball this process usually last for 30 minutes.  
 
2.2. Cavitation Erosion: 
 
Cavitation is defined as the repeated nucleation, growth, and violent collapse of cavities 
or bubbles in a liquid. This is possible only when a liquid is subjected to sufficiently high 
tensile stresses. The theoretical tensile strength of water at room temperature is 1000 atm 
(Young 1999). But cavitation is observed with pressure amplitudes of 1 atm, which 
implies presence of minute pre-existing bubbles within the liquid, called as nuclei. Thus 
Bubble formation means both creation of new bubbles or expansion of pre-existing 
nuclei. Cavitation can be initiated by any of the following three ways when pressure is 
reduced to a negative value: 
 
• Presence of large number of minute spherical gas bubbles. 
• Solid impurities or particles with gas trapped in. 
• Trapped gas in the tiny cracks or splits of the vessel containing the liquid. 
 
This initiation process can be accomplished by either creating tension or by depositing 
energy into the liquid. Applying tension is broadly classified into hydrodynamic and 
acoustic cavitation. The first one is the low frequency process and the later is a high 
frequency phenomena. Figure 2.5 shows the classification of different types of cavitation. 
The highlighted one in the Figure was used for this project. 
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Fig: 2.5 Different Types of Cavitation - Redrawn from Reference (Gong 1999). 
 
• Hydrodynamic cavitation is the one which is produced due to the geometry of 
hydraulic structures. Geometry of the system creates pressure variations in the 
flowing liquid. Examples are Ship propellers, Turbines. 
• Acoustic cavitation is a high frequency process, which creates cavitation by 
applying acoustic waves to a liquid. Example: Ultrasound in a liquid. 
• Optic cavitation is a type of producing cavitation by rupturing the liquid with 
photons of high intensity light. Example: LASER. 
• Particle cavitation is produced by elementary particles in the liquid. A charged 
particle sent to a liquid can produce rapid local heating resulting in cavitation. 
Example: Bubble chamber. 
 
Out of the above four different methods of producing cavitation, hydrodynamic and 
acoustic cavitation are widely used in laboratories. Acoustic method of producing 
cavitation was selected over the other due to the following advantages: 
 
• Higher erosion rate in a short duration of time. Six hours of testing is typically 
enough for an experiment. 
• Smaller rig size – simple, easy control and maintenance. 
• Low power consumption. 
Cavitation 
Tension Energy Deposit 
Hydrodynamic Acoustic Optic Particle 
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Disadvantages of this method are that this is a poor reproduction of cavitation in actual 
hydraulic machines and it’s noisy. The main objective of this erosion testing is to study 
the erosive wear mechanism of silicon nitride. Also the material damage resulting from 
this type of cavitation is believed to be similar to other methods. An acoustic enclosure 
was made to cut down the level of noise to avoid any health hazard.   
 
2.2.1. Vibratory Cavitation: 
 
The principle of this method is applying high intensity ultrasound to liquid to create 
cavitation. This test method generally utilizes a magnetostrictive transducer submerged in 
the liquid which vibrates at high frequency. This method of generating cavitation was 
first developed by Gaines in 1932 using a length wise resonant nickel tube. 
Advancements in this technique came following the use of piezoelectric crystals for 
vibration. A first standard vibratory cavitation apparatus was developed at the National 
Engineering Laboratory, UK in 1963. Since then several adoptions to this standard were 
followed. For engineers and researchers, a systematic approach of performing cavitation 
experiments is described in ASTM international standard (ASTM 2006). The testing 
methodology used for this project follows this standard and is described in the following 
sections.    
 
In a stagnant liquid, pressure is varied by applying sound waves. When the pressure 
difference is high enough to reach or go below the vapour pressure of the liquid, available 
nuclei in the liquid will grow into cavities and thus creating cavitation. These cavities are 
set in motion due to varying flow field, the intensity of growth and collapse of these 
cavities is directly proportional to the applied pressure changes to the liquid. If the 
pressure difference is high in a short duration of time by a sinusoidal motion, very high 
compressibility is achieved. This motion sends in huge potential energy in the negative 
cycle which then transfers into kinetic energy during collapse. Any substance - solid, 
liquid or gas present near this collapsing region undergo very high pressure and 
temperature cycles eventually causing erosion. Main components of a typical vibratory 
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cavitation are listed below.  One commercially available ultrasonic system was used for 
this project (sonic systems 2005). The main components of the test rig are: 
 
• Ultrasonic generator 
• Piezoelectric Transducer 
• Titanium alloy Horn 
• Cavitation medium 
• Cooling system. 
 
2.2.1.1 Apparatus: 
 
The piezoelectric transducer is excited by an ultrasonic generator. The vibration 
generated by the transducer is sufficient to cause cavitation in the liquid, but is not 
enough to create sufficient power density in the liquid to cause erosion. Hence a resonant 
element in the compressor mode, called Horn is fastened to the transducer in order to 
magnify this vibration. This horn is made of Titanium alloy to achieve the following 
characteristics: 
• High dynamic fatigue strength 
• Low acoustic loss 
• Resistance to cavitation erosion 
• Chemical inertness. 
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Fig: 2.6. Pre-stressed sandwich transducer - picture reproduced from Equipment supplier 
for this project (sonic systems, 2005). 
 
This ultrasonic system is constructed to generate high power density in the liquid load. 
Polarised PZT (Lead Zirconate Titanate) ceramics are sandwiched normally to low 
acoustic loss materials such as titanium and aluminium as shown in Figure 2.6. Upon 
electrically exciting the PZT ceramics, an alternating sinusoidal motion is achieved. The 
key factor which determines the efficiency of vibration is resonance. So the rod, which is 
a metal sandwiched with PZT ceramics must be designed in such a way that the required 
mode shape is achieved upon electrical load. Any frequency deviation in the input load to 
the transducer will result in useless motion.  An ultrasonic generator gives output 
electrical signals of 20 KHz fixed frequency. Another important component as previously 
mentioned is the horn. This is same as the transducer but the main difference is the shape. 
This can be made as a cylinder, exponential or linear. Horn is designed to have a half 
wavelength λ/2 of the whole transducer assembly as shown in Figure 2.6. Dimensions of 
this assembly are totally determined by the operating frequency requirements.  
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All the test parameters were continuously monitored whilst testing. Two different 
transducer-horn assemblies were used for this project mainly to have low and high power 
densities in the liquid load. The magnitudes of vibration of low and high power 
transducer are 0 to 16 and 0 to 60 microns peak to peak respectively. This vibration of the 
horn while testing can also be observed with a help of a microscope. Both amplitude of 
vibration and electric power are digitally displayed in the equipment and hence providing 
the user to control these as required.  The level of power density to the load is determined 
by a term called acoustic power which varies with the type of liquid and the depth of 
transducer immersion. This can be calculated using the relation: 
2
2
1
acPac ρ=  
Where, 
acP  - Acoustic power 
ρ - Density of load 
c - Sound velocity in the load 
a - Amplitude of transducer/Horn vibration. 
 
2.2.1.2. Experimental Setup  
 
The ultrasonic system used in the project was fully calibrated before used for 
experiments. A 5 litre cylindrical glass container with the test liquid was used as the 
cavitating medium. For vibratory cavitation erosion testing, a known mass of specimen is 
usually made in a form of button, which then can be threaded into the horn, or as a disc 
which can be cemented. When transducer is excited, the threaded or cemented specimen 
vibrates with the horn and is subjected to cavitation attack which results in erosion.  But 
here, due to difficulties in machining silicon nitride, it was decided to keep it stationary 
rather coupling it with the horn. The experimental setup is shown in Figure 2.7. A 
stainless steel cylinder was manufactured to hold the specimen in the test liquid from a 
distance beneath the transducer. A sketch of this specimen holder is provided in appendix 
C. Stainless steel was selected as material mainly because of its superior resistance to 
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cavitation erosion (Chen 2002). Use of balls instead of flat specimens offer advantages 
like commercially available with good quality, the geometry allow investigating different 
stages of erosion in a single test step due to the variation in the fluid thickness. 
 
 
Fig: 2.7 Cavitation Erosion experiment setup 
 
Locking and unlocking of the specimen were made easy by providing a couple of slots on 
either side of the holder. Two holes of diameter Ø 12.6 and Ø 25.4 mm were made on 
both ends to have a flexibility to hold specimens of these two diameters. The test 
specimen fixed in the holder was immersed in the liquid. The level of liquid in the 
container was filled to have sufficient liquid for cavitation. The depth of specimen 
immersion was varied as per the acoustic power requirement depending on the liquid 
load. This was 15 mm for distilled water to full rated power of the ultrasonic system. The 
deeper the transducer was immersed the higher the load and hence less power was 
supplied to the transducer which resulted in low intensity of cavitation. The transducer 
was firmly held by a laboratory stand just above the specimen. The distance between the 
horn tip and the specimen is critical as it influence the rate of erosion. This distance was 
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set using a feeler gauge and was kept constant for all tests. This distance influence on the 
erosion rate was also studied in this project and the results are produced in section 3.7.3.  
 
 
Fig 2.8 Schematic of test set up as described in ASTM (ASTM G-32-06) 
 
 
The piezoelectric transducer was connected to the ultrasonic generator after setting up the 
required distance from the test specimen. Temperature has an influence on cavitation 
erosion (Auref 1993) and was kept constant. This was achieved by circulating water 
around the test setup. A large tank was kept above the test bench to supply water by 
gravity. A pump was connected to the water bath to pump back the water to the tank. A 
thermocouple connected to the test liquid helped to monitor the temperature 
continuously.  An acoustic enclosure was built to cut-down the noise generated by 
testing. All tests were timed and were run for the required time interval. This was 
achieved by a timer connected to the ultrasonic generator which automatically turns on 
and off the power supply to the transducer according to the timing program.  
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2.2.1.3. Test Procedure: 
 
Several factors can affect the rate of cavitation erosion. For example, presence of any 
debris or gas content largely affects the formation and collapse of cavities. Hence, a strict 
procedure was followed for this testing and is described as follows:  
 
• The cylindrical liquid container was cleaned and dried before and after each test 
intervals to avoid presence of any impurities. 
• Clean distilled water was poured in to the container to have sufficient level for 
generating cavitation. 
• The transducer-horn setup was fixed in a stand to have 15 mm immersed in the 
test liquid. 
• Ultrasonic generator was connected to this setup and then to corresponding power 
connections. 
• The magnitude of vibration was gradually increased from 0 to the maximum and 
this initial run was carried on for approximately 20 minutes to clear away any gas 
content in the test liquid. 
• Test specimens, mostly silicon nitride balls were visually inspected under the 
optical microscope for any defects. Specimens with pre-existing defects were not 
considered for testing 
• Specimens were fixed in the cleaned and dried specimen holder and were then 
moved to the liquid container. 
• The piezoelectric transducer-horn set up was fixed to the required distance form 
the specimen using a feeler gauge. 
• Circulating water for cooling was turned on and a thermocouple was connected to 
the test liquid.  
• Required test interval was set using the timer and the ultrasonic generator was 
turned on. Acoustic power and the magnitude of vibration were adjusted to the 
requirement. 
• Once the test was over, the system was turned off and the test specimens were 
carefully removed from the holder 
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• Test samples were cleaned in an ultrasonic bath with acetone for 15 minutes, and 
dried with a blower before set for surface analysis. 
• Test liquid was replaced after every 2 to 4 hrs to clean away any debris, if left 
unchanged, the debris resulted in the previous test interval will cause abrasive 
wear which would mislead the result interpretation.  
 
2.3. Rolling Contact Fatigue Experiments: 
 
Rolling contact bearings with balls or rollers undergo surface damage due to repeated 
loading, termed as rolling contact fatigue. This application of stresses initiates cracks, 
which eventually grow resulting in bearing failure. There are several factors which 
influence the rolling contact life such as loading conditions, lubrication, surface contacts, 
materials, and surface defects. Therefore, rolling contact testing becomes necessary to 
estimate the actual performance of rolling elements. There are different types of rolling 
contact fatigue testing available as discussed in section 1.3.2. An available four-ball 
machine was modified to allow testing hybrid rolling elements was used for this project 
(Wang 2000, 2002, Zhao 2006, 2007, Khan 2006).  
 
2.3.1. Rotary Tribometer:  
 
The four-ball machine used for this project is a TE92 Microprocessor Controlled Rotary 
Tribometer and shown in Figure 2.9 Main components of the Tribometer are the test 
chamber, the loading piston, the drive spindle and related bearings which are lubricated 
with grease for life. Advanced control and instrumentation in this machine makes it 
possible to conduct tests in a wide range of speeds and loads. The microcontroller 
interface of the machine is connected via a serial port to a computer.  The test chamber 
consists of a steel cup, oil bath, lower balls, and an upper ball for applying load and 
transferring motion effectively as shown in Figure 2.9. The cup, lower three balls and the 
upper ball represents the outer, rolling elements and inner race of a bearing respectively.  
This test chamber simulates an angular contact ball bearing configuration. This test 
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machine is very useful for rolling contact fatigue study of materials under different 
conditions (Wang 2000).  
 
 
 
Fig: 2.9. Rolling contact fatigue test facility. 
 
The upper ball is fixed to a drive spindle and its accurate positing is achieved by two 
rigid vertical columns of the machine. Load is applied by a pneumatic actuator; this 
actuator assembly includes an in-line force transducer to get the direct feedback control. 
Direct friction and torque measurements are also possible by a strain gauge transducer 
attached to the test adapters, which are mounted on a cross beam, guided by linear 
bearings on the machine columns.  Tests can be conducted at high temperatures up to 200 
0C which is continuously monitored by a thermocouple attached to the test chamber. Also 
a sensor is employed to monitor and stop the machine if the vibration exceeds the testing 
limit. A computer connected to the machine, provides a graphical user interface to run, 
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control and record tests. This allow user to run tests for the required number of stress 
cycles, speed and load. A test is a set of series of steps, each with load, speed and 
temperature, data recording and alarm information. 
 
2.3.1.1. Contact stress calculations: 
 
Figure 2.10 below shows the loading configuration in the test chamber. The load applied 
to the shaft is related to the contact stress of the rolling elements and can be deducted 
from Hertz elastic contact stress formulae as below: 
Contact load  
θCos
LP
3
=  
Where,  
   P = Contact load 
 L = Applied shaft load 
 θ = Contact angle, which is 35.3 degrees 
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Where, R1 and R2 is the radius of ceramic and steel balls. 
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Where, E 1, 2 and υ 1, 2 are the young’s modulus and Poisson’s ratio of ceramic and steel 
balls.  
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From the above relation, maximum contact pressure Po can be obtained as follows: 
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Fig: 2.10. Loading configuration of the rotary Tribometer. 
 
A spreadsheet with the above calculations was created to conduct tests for the required 
contact stress. These detailed calculated values of different contacts are given in appendix 
C.  
 
2.3.1.2 Defect Positing:  
 
Smooth specimens could run for months without any failure and it becomes advantageous 
to shorten the tests by creating surface defects like indents and cracks. Accurate 
positioning of the specimens is critical and necessary to achieve this task. Also, the 
location and orientation of the defect play a vital role in the failure mechanism. When 
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specimens are inserted in the test chamber, the probability for a defect to be in contact 
can be determined by  
 
0A
Ap =  
 
Where, p is the probability of the contact, and A is the area of the contact path which is 
given by  
θpi SinaRA 14=  
 
Here, a is the contact radius, R1 is the radius of the ceramic ball, θ is the contact angle 
35.50. Area of the ball surface is given by 
2
10 4 RA pi=  
Substituting the values for R1 = 6.35 mm, a = 0.21 mm, and θ = 35.30, we get the 
probability of the defect to be in contact p to be 0.02, which is merely 2%. The test 
specimen can be fixed at the right distance x by using the below relation. 
 
( )θCosRRx −−= 11  
 
This gives us the value for x = 1.17 mm to the centre of the contact path from the tip of 
the specimen as held in the collet. A novel method was developed by Ying Wang (Wang 
1999) to position surface defects on the contact path. This method was used for the 
testing performed as part of this project. 
 
2.3.1.3. Test Procedure: 
 
The following procedure was followed for rolling contact fatigue testing: 
 
• Test specimens were visually inspected using an optical microscope to locate the 
surface defect. 
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• Surface defect was positioned using the above mentioned method and the collet 
was fixed to the Tribometer. 
• The test chamber - steel cup and the holder were cleaned with acetone before 
fixing it to the machine. 
• Lower balls, either ceramic or steel were placed in the steel cup. Lubricant was 
then poured until these lower balls were completely immersed. 
• Vibration sensitivity was adjusted and set for the relevant readings. 
• A safety cover was used to cover the machine. 
• Test program software installed in the computer was used to create the required 
test parameters such as speed and load. 
• Tests varied from few hours to few days depending on the testing conditions. 
Failure observations were performed in between tests by removing the collet and 
performing surface analysis using an optical microscope. 
• Once the test was completed, the specimen was removed from the collet and set 
for surface analysis. 
• Test results were stored in the computer. The test chamber was removed and the 
lubricant was disposed as per the safety disposals.  
• The steel cup was once again visually inspected for any damage, and was replaced 
for future testing, if necessary. 
2.4. Surface Analysis: 
 
Test specimens were investigated for failure mechanisms by comprehensive examination 
on specimen surfaces. Advanced surface analysis techniques like scanning electron 
microscopy and 3-dimensional non contact profiling was used for this purpose. Energy 
dispersive X-ray analysis coupled with Scanning electron microscope is a powerful for 
element and chemical analysis which was also utilized for this work. Unlike metals, 
ceramics are strongly dependent on the composition and microstructure for providing 
high performance. This microstructure examination is mandatory to conclude any relation 
between materials and its performance. The microstructure influence of silicon nitride on 
cavitation erosion resistance was investigated by imaging the eroded microstructure. A 
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high magnification microscopy alone is not necessary for this task. Initial sample 
preparation is required to visualize the grain structure and the damage at grain level. This 
was achieved by etching the eroded sample using plasma etcher. All the surface analysis 
tools and methods followed for this project is briefly described in the following sections. 
 
2.4.1. Optical Microscopy: 
 
For a quick and preliminary study of test samples an optical microscope was used. This is 
a simple microscope employed for material study in the laboratory, which uses visible 
light and a collection of interacting lens to magnify samples. A commercially available 
system was utilized for this project shown in Figure 2.11. Apart from the traditional 
system of eyepiece, specimen stand and lens, this microscopy is equipped with a CCD 
camera which makes it possible to visualize the specimen surface live on a computer 
screen.  
 
 
Fig 2.11 Optical Microscopy 
 
The purpose of the specimen stage in the microscope is to support specimens, but it’s 
impossible to support rolling elements in this stage. A manipulator to support and rotate 
the specimen for easy visualization of the full ball surface was required. A wooden 
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manipulator was manufactured in the workshop, pictures of this manipulator are provided 
in appendix C. Magnifications in the order of 5X, 10X, 20X, 50X and 100X are possible 
in this system. Operating procedure to obtain images of material surface includes the 
following: 
 
• Turn on power and secure the manipulator with the clamp in the specimen stage.  
• Choose the required light field from the available options bright field, dark field 
or Ultraviolet field.  
• Adjust the phase contrast and light intensity as required. Align the manipulator to 
position the location of interest within specimen.  
•  Material surface visualized in the computer screen can be used to identify and 
locate any material defect of user interest by shifting in between various 
magnifications. 
• A built-in software of this microscope help to analyze the surface details like 
length, area and angle measurements.  
 
Images of the material surface can then be stored in the computer or printed off using the 
printer connected to the system. Below Figure 2.12 shows an example of images obtained 
using this microscopy.  
 
       
 
Fig. 2.12 Magnified surface Images using Optical Microscope. 
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2.4.2. Scanning Electron Microscopy: 
 
An optical microscopy is not sufficient to prevail with high quality microstructure images 
and to obtain chemical composition of sample materials. Scanning electron microscope is 
widely used for this task and is one of the most versatile instruments for these 
investigations. The major difference in the operating principle of a SEM and OM is that 
the SEM uses electron instead of light to form an image. Fundamental systems of a 
typical scanning electron microscope are: an electrical optical column, signal detection 
and display equipment, and a vacuum system. Electrons are generated in the electron gun, 
which consists of a tungsten filament which when electrically excited produces heat, light 
and electrons. This high energy beam of electrons passes through series of deflecting 
plates in the optical column to hit the sample. Upon collision, low energy secondary 
electrons are emitted by the sample which then can be easily collected using an electron 
detector. These collected electrons are then used to generate the image. Thus the quality 
of surface image largely depends on these low energy secondary electrons.   
 
Silicon Nitride is a poor conductor of electricity. If a sample of this material is used in 
SEM, it would result in charge build up in the sample, which will affect both the primary 
and secondary electrons and thus resulting in a very poor and distorted image. In order to 
avoid this, non-conductive samples set for SEM study are recommended to coat it with a 
conductive material. These silicon nitride balls were coated with a thin layer of gold in a 
sputter coater. Silicon nitride balls were fixed in a metal stud with a conductive adhesive, 
a silver paint was applied to the top of the ball connecting the metal stud to increase 
conductivity. This is then placed in the vacuum chamber of sputter coater beneath gold. 
Vacuum in the order of 0.1 millibar is achieved for a good coating. Argon is introduced 
into the chamber after 20 seconds along with voltage across gold and silicon nitride. This 
applied voltage produces argon ions which bombard and remove atoms of gold which 
then stick to the silicon nitride ball placed beneath it. The time of deposition was selected 
by experience and found that excellent film thickness is achieved for 5 minutes coating.  
Figure 2.13 (a) and (b) show images obtained in SEM. 
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(a) (b) 
 
Fig: 2.13 (a) and (b) Scanning Electron Images of silicon nitride balls 
 
The other main requirements of sample preparation are - it should be dry, free from 
water, any solvents and dirt to maintain a good vacuum level in the specimen chamber. 
The stud used to fix silicon nitride balls showed excellent mechanical stability which is 
another requirement to avoid any specimen movement whilst imaging. Before 
investigating samples in SEM, they were analyzed in optical microscope and were 
marked on the areas of interest. The SEM user chooses the operating conditions that suit 
his/her specimen. For this silicon nitride specimen, we found the following conditions 
resulted in good imaging. For specimens with and without plasma coating (1) a working 
distance (WD) of 5 to 10mm and 15 to 20 mm - that is the distance between the specimen 
and the sample (2) accelerated voltage in between 1 to 4 Kv and 10 to 20 Kv.  
 
Apart from imaging, SEM was also used for EDX (Energy Dispersive X-ray) analysis. 
This is normally done for element analysis. A chemical composition study on erosion 
samples were conducted to understand how different sintering additives or any other 
elements used in final preparation of silicon nitride balls influence erosion. A point 
analysis was performed for this task, this is an analysis type which selects the point of 
interest in the image and proceeds for EDX analysis. Figure 2.14 shows an energy 
dispersive spectrum taken on two points of an eroded sample.   
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Fig 2.14 EDX Spectrum of point analysis 
 
2.4.3. 3D Surface Optical Profiling and Measurement System: 
 
Erosion results in severe mechanical degradation of materials. Understanding the surface 
changes for each test intervals is necessary. A 3-D surface mapping non-contact optical 
profiler was used to accurately measure the surface roughness, depth of cavitation pits, 
step heights, angle measurements, and volume loss. This system is based on the principle 
of white light scanning interferometry, and is capable of mapping ten millimetres wide 
area in a single measurement with sub-nanometre resolution, providing instantaneous 
information about surface roughness, shape and waviness. When larger areas need to be 
measured, a stitching procedure can be employed, in which a number of partially 
overlapping measurements are combined into one surface profile. This device splits a 
beam of light into two separate beams and then recombines them to create bright and 
dark bands called fringes that make up the interferogram. This interferogram carries a 
wealth of information about the profile of an object under test and its material 
characteristics. A CCD detector registers this information and forwards it to the 
computer. A picture of this system is shown in Figure 2.15 
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Fig: 2.15 3D Optical Profilometer 
 
For taking measurements, sample is set in the manipulator as followed for optical 
microscope. Light focus is adjusted from coarse focus to fine focus by adjusting the 
instrument head to bring the sample into focus. At the best focus level fringes appear at 
their clearest and sharpest contrast.  Light intensity is another important parameter and 
must be selected to the maximum brightness. The specimen stand can be tilted as per 
the specimen requirements. Sphere specimens like the silicon nitride balls are difficult 
to measure compared to flat specimens, so much care was taken during these 
measurements. Huge depth variations or higher peak to depth value specimens are 
impossible to obtain precise surface data in a single measurement.  In this case, the area 
of interest was divided into several sections and measurements were carried out on 
those sections which were then stitched together. This option provides complete surface 
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of these type of damage.  Below Figure 2.16 show a typical result obtained using this 
measurement system.  
 
Fig: 2.16 3D Interactive surface display 
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Chapter 3 
 
EROSIVE WEAR: THE MECHANISM OF 
MECHANICAL DEGRADATION 
 
 
 
All Erosion results obtained in the laboratory using vibratory cavitation method are 
presented in this chapter. Cavitation erosion is a complex material failure mechanism 
and is often difficult to assess the material resistance. This is mainly due to different 
testing methods and approaches followed to evaluate materials. Cavitation erosion 
phenomenon is two fold: one deals with the fluid mechanics and the other with 
material science. Two phase flow involving bubble nucleation, growth and collapse 
constitutes the fluid mechanics part as presented in chapter 4. The material response 
to this cyclic pressure loading is presented in this chapter. Evaluation of different 
materials to cavitation is out of scope of this work as this work is aimed to understand 
the mechanism of cavitation erosion in silicon nitride. Test parameters were kept 
constant for all experiments and where necessary their influence was examined. 
Mechanical properties, microstructure, and sintering additives are the key factors 
which determine the material resistance to cavitation and are detailed in this chapter. 
Section 3.1 explain how erosion initiates in silicon nitride through an advanced micro 
structural and metallographic analysis, followed by the advancement of erosion due to 
continued cavitation exposure as presented in sections 3.2, 3.3 and 3.4.  The effect of 
material surface and the testing conditions were also investigated and are detailed in 
sections 3.6 and 3.7.  Finally, erosive nature in bearing steel is presented as a 
comparison to silicon nitride. 
 
3.1. Erosion Initiation: 
 
During the initial stages of this work, the response of silicon nitride to cavitation was 
unclear. Several trials were made to understand the vibratory cavitation testing 
equipment and methodology, and frequent microscopic examination on test samples 
helped acquire a first hand understanding on this process. Erosion investigators often 
point out the stage where notable material mass loss can be measured as erosion 
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initiation. But, this work addresses the initial microstructure changes in the test 
sample as the beginning stage of erosion. In order to understand this microstructure 
changes a ceramographic etching, precisely a plasma etching technique was used to 
achieve the surface quality required to study under scanning electron microscope. 
This method allowed monitoring erosion damage at micro structural level on grains 
and grain boundaries. 
 
As mentioned early, test materials used for this study are commercial bearing rolling 
elements named here as A, B & C and their properties are listed in Table 2.1. These 
test samples are polished to submicron accuracy. Generally, any free surface is rough 
at atomic level which acts as local stress raisers causing bond rupture (Suresh 1998). 
This atomic scale study is out of the scope of this work and was not investigated. 
Whereas, pores and similar surface defects at microscopic level was considered. All 
test samples went through a surface analysis to ensure that they were free from any 
surface defects prior to testing. No signs of erosion were noted during very initial 
stages of testing. Also, the cavitation intensity has a major influence on the rate of 
erosion process. Under certain level of cavitation intensity in the test liquid, a stable 
cavitation was observed. This type of cavitation is defined by a permanent oscillation 
of bubbles or cavities without collapsing. This part is detailed in section 3.7.1. 
Erosion initiated just after this threshold cavitation intensity.  
 
During the very initial stages, the impact energy released during cavity collapse on the 
surface is absorbed without any deformation. This characteristic of energy absorption 
without material removal or damage is directly related to the resistance of materials to 
cavitation. Determining the exact period of this stage largely depend on the 
investigator and should not be considered for ranking materials unless a similar 
approach and testing conditions are followed.  Brittle materials with strong covalent 
bond such as silicon nitride are characterized with less point defect mobility and 
dislocation as opposed in the case of metals. This is the reason why brittle materials 
could not withstand cavitation as compared to metals. The initiation of erosion varied 
with the low and high powered ultrasonic transducer. The erosion initiation in silicon 
nitride was found to be a combination of two damage mechanisms. Formation of inter 
and transgranular fractures which are detailed in the following sections. 
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3.1.1. Transgranular Fracture 
 
This type of fracture is defined by crack formation and progression through grains. 
Material B and C showed clear signs of transgranular fracture as part of the erosion 
initiation, whereas there were no signs of this type of fracture in material A during 
this initial stage. Material B after testing with high powered transducer for just three 
minutes showed grain fracture as shown in Figure 3.1. Several numbers of grains 
were fractured at this stage. These grains were approximately twice or three times 
larger than the average grain size. Smaller grains were not affected at this stage and 
remained same as in the fresh samples. Initiated fracture micro crack propagated by 
cutting through the large grains. These fractured grains also showed their boundaries 
were ruptured in later stages. 
 
 
     
                (a)      (b) 
Fig: 3.1 (a) and (b) Material B showing Transgranular fracture after 3 minutes of 
erosion testing 
 
Silicon nitride being a strong covalent bonded material undergoes very little plastic 
deformation. The only way to relieve the imposed stress due to cyclic cavity collapse 
is by nucleating cracks which is responsible for this irreversible microscopic 
deformation. The intensity of the cavity collapse must be very high to crack a grain, 
but at this stage it did not seem to be enough to fracture smaller grains. In material C 
as shown in Figure 3.2 coarse and elongated grains are the ones which fracture during 
this stage. The finer grains showed excellent resistance. As marked as 1 and 2 in the 
Figure 3.2 show an elongated grain been sliced off, clearly showing transgranular 
fracture.  
1
2
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(a)      (b) 
         
(c)                                                                   (d) 
Fig: 3.2 (a) Before etched SEM image of material C showing Transgranular fracture 
after 10 minutes and (b) after etching (c) Before etched SEM image of material C 
showing fractured grain after 10 minutes and (d) after etching 
 
Figures 3.2 (c) and (d) show half of coarse grain displaced which constitutes that the 
transgranular fracture did not propagate further in to the grain boundary or to the 
adjacent grain. This displacement of half grain can be justified by the presence of very 
fine surrounding grains as marked as number 4 in Figure 3.2 (d). This clarifies that 
very fine microstructure in silicon nitride can provide high resistance to cavitation 
especially to grain fracture compared to the microstructure with coarse and elongated 
grains. The marked areas near numbers 5 and 6 show fracture crack propagating to the 
adjacent grains. At number 5, two large elongated grains share a common boundary 
and the fracture initiated and propagated through to the other. Whereas, near the 
marked number 6 a fine non-elongated grain between the two large elongated grains 
resist fracturing. 
 
1
2
3
4
5
6
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Fig: 3.3 Material B showing advanced stages of Transgranular fracture after 10 
minutes of testing 
 
Due to the spherical shape of the test materials, several stages of erosion can be seen 
after each test interval. The above scanning electron microscope image in Figure 3.3 
shows the advanced stage of transgranular fracture. As shown in the Figure only 
larger grains were fractured and the area with group of smaller grains did not show 
much damage. Displacement of grains can also be noted which is responsible for 
cavitation pit formation and also pores which is detailed in the following sections. 
3.1.2. Intergranular Fracture 
 
Materials B and C showed enormous transgranular fracture during the initial stages of 
erosion. But material A with very fine needle like grains act as reinforcement 
preventing grain fracture. However, formation of fracture at the grain boundaries is 
unavoidable in all materials. These fracture occurred at the grain boundaries as shown 
in Figure 3.4. The areas marked by an arrow show few pores or tiny holes. Fracture at 
the grain boundaries disrupt the grain bonding strength and thus leave grains loosened 
created a gap between the adjacent grains. Pore or fracture at the grain boundary 
junction is a micro void formation could be due to diffusion, which is driven by stress 
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gradient developed due to the variation in the thermal expansion coefficient at the 
boundary. 
 
       
(a) (b) 
 
Fig: 3.4 (a) and (b) Fracture at grain boundaries in material C 
 
Pores in material B and C are shown in the Figure 3.5 below. The common feature in 
the pore formation of these two materials is that they hardly displace any grains. As 
the grain size is larger compared to material A, the initial pores are clearly visible at 
the grain boundaries. 
 
       
                             (a)         (b)       
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(b) (d) 
 
Fig: 3.5 (a) and (b) pores in material C and (c) and (d) in material B 
 
Apart from these three materials, several other silicon nitride materials were also 
tested as part of this project. All these materials showed this formation of 
intergranular fracture, and are clear that this is inevitable by all materials. As 
mentioned in the early section, that gain cracking can be avoided by refining them to a 
very fine needle like grains and a good example is material A. The mechanism behind 
this intergranular fracture is very complex mainly due to the scale of loading, damage 
and the material composition involved. Material A did not show any grain fracture, 
but showed extensive intergranular fracture and huge loss material through this. As 
shown in Figure 3.6 fracture occurs at the grain junction and then grows to large scale 
by the process of linking up across the grain boundaries. 
 
         
       (a)            (b) 
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(c) (d) 
 
Fig: 3.6. Pore formation material A after 10 minutes of testing without any grain 
fracture. 
 
 
The intergranular fracture might happen by two processes. Despite the sophisticated 
manufacturing techniques employed by commercial manufactures, certain amount of 
flaws is unavoidable. These flaws act as stress raisers and upon any loading such as 
cavitation can increase localized stresses at these locations. This increase in stress at 
these flaws develops into fracture zones due to cyclic pressure loading. The second 
factor is the addition of oxides and sintering additives in order to manufacture 
densified silicon nitride ceramics. Common sintering additives are Aluminum, 
Calcium, Iron, Tungsten and Magnesium e.t.c. These additives favour the 
Intergranular glass formation. This glassy phase is quite high in material A often 
called as triple points as shown in Figure 3.7 below. 
 
Fig: 3.7 Schematic of a triple junction grain boundary in silicon nitride - Redrawn 
from (Hoffmann 1995). 
 Triple Joint 
 
Grain Boundary 
film 
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This densification process is a liquid phase sintering and depending on the sintering 
additives the final liquid phase can be amorphous or crystalline boundary phase 
(Hoffmann, 1995). The composition of this grain boundary phase determines the 
strength of the material and thus directly influences their resistance to the formation 
of pores due to cavitation. This grain boundary phase is engineered to withstand high 
temperatures such as in material A in which a single phase called as SiAlON is 
achieved without an amorphous boundary phase.   
 
The oxygen content in these materials has a huge influence on the glass formation 
along with sintering and solid solution. There is a possibility that the residual stress 
release at the grain boundaries may be one of the reasons for intergranular fracture. 
This material A which is SiALON is well known to provide thermal shock resistance. 
But cavitation can provide very high temperatures to several thousand degrees 
centigrade (Flint 1991). This temperature could be sufficient to liquefy this grain 
boundary phase to degrade the material by forming pores, however, no evidence is 
observed to support this statement. Figure 3.8 shows material B at the pore forming 
stage during cavitation testing. 
 
 
 
Fig: 3.8 Material B showing intergranular fracture after 45 minutes of testing with low 
powered transducer. 
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The intergranular fracture in material B was found predominately near the coarser 
grains. Grain boundary region adjacent very fine regions showed no damage at this 
stage as shown in Figure 3.9. As seen in these Figures, the fracture formations are 
only at the regions where the volume of coarse grains is high. These initially formed 
fracture zones propagate by linking up and provide home for bubble nuclei, which 
encourage continued erosion in the formation permanent strain. In many cases, the 
test samples showed both Trans and intergranular fracture as the beginning stages of 
erosion. This can be seen in Figure 3.9 (b) where no grain fracture is seen but only 
fracture at the grain boundaries. 
 
        
    (a)          (b) 
        
(d) (d) 
 
Fig: 3.9 SEM and plasma etched Material B with initial pores next to coarser grains 
 
In both cases, coarser or large grains are the first to get affected by cavitation as 
shown in the below Figure 3.10 
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(a) (b) 
Fig: 3.10 (a) and (b) SEM and plasma etched image of material B showing both grain 
and grain boundary fracture 
 
         
    (a)           (b) 
         
(b) (d) 
 
Fig: 3.11 (a) and (b) show SEM an etched image of intergranular fracture surrounding 
a large grain. (c) and (d) show pore formation circling a bunch of small grains. 
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The boundary fracture formation as shown in Figure 3.11 (a) and (b) clearly illustrates 
the coarser grains being lifted off as similar to the process of surface plowing. This is 
due to linking up of pores which formed around this grain by fracture. Thus initial 
grain boundary fracture grows in the form of linking up, and their enlargement is a 
time and history dependent process. The influence of iron oxide in this material B on 
the grain boundary fracture is not clearly understood. It is very clear that in all 
materials the interface strength is very crucial for the formation of pores. If this 
interface strength is increased it will certainly provide increased resistance for this 
stage and thus for cavitation. It should also be noted that not only the coarser grains 
are vulnerable to intergranular fracture, but also the linking up process initiate the 
displacement of bunch of smaller grains as marked as a circle in Figure 3.11 c and (d). 
Intergranular fracture can be concluded as due to grain boundary diffusion and grain 
boundary sliding due to very high cavitation temperatures and pressure cycles. 
 
3.1.3. Micro Cracks  
 
The immediate stage which follows trans and intergranular fracture is the formation of 
micro cracks with lengths ranging in the order of sub microns to few microns. The 
main reason for the formation of these micro cracks is linking up pores at the grain 
boundary region. Cracks opened up along the grain boundary region as a sign of 
intergranular fracture. It is clear from the pores, that the micro void nucleation due to 
grain diffusion is the major reason for intergranular fracture. The initial and 
progression of these micro cracks can only be studied at the microstructure level. 
Hence it is important to etch the test sample to reveal their microstructure after 
relevant test intervals. The difficulty in monitoring the propagation or the growth of 
these cracks is that once the test sample is etched cavitation tests cannot be continued 
on the sample. Some light polishing techniques must be employed to clear away the 
coated surface but this will also damage the erosion marks. Due to this difficulty, 
micro cracks on different samples after different test intervals were considered to 
understand this mechanism. 
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      (a)           (b) 
         
(c) (d) 
 
Fig: 3.12 Micro crack formations at microstructure on material B at different scales. 
 
Micro cracks which appeared in all these three materials tested were not similar. This 
is mainly due to their variation in micro structure and boundary phase composition. 
Material B shown in the above Figure 3.12 show thin elongated cracks whereas in 
material A these cracks were also very short but they were broader which is shown in 
Figure 3.13. Surface investigations on these micro cracks clearly showed that they 
were not initiated at a single location, but initiated at multiple locations. This is due to 
the linking of pores. Once a micro void or pore is formed, and upon further exposure 
to cavitation these pores enlarge and extend to the adjacent pore to link up. Removal 
of a grain or grains retards the growth of these cracks as shown in Figure 3.13 (a) and 
(b). 
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           (a)         (b) 
        
(d) (d) 
 
Fig: 3.13 (a) and (b) Broader cracks in material A. (c) and (d) micro cracks 
propagating in material A 
 
 
These cracks are not visible at macroscopic level and can only be observed under a 
scanning electron microscope. The pattern of crack propagation is hard to quantify but 
they are short lived until the nearby material is displaced. In material C, it was clearly 
observed that once a crack initiated it did not prolong further in length but grew 
broader. An elongated grain on the crack path show severe fracture as shown in 
Figure 3.14. 
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    (a)             (b) 
Fig: 3.14 Micro thin cracks transformed to broader cracks by displacing nearby 
material as observed in material C 
 
These cracks were also deflected by long elongated grains which act as reinforcement 
with increased facture strength. This can be seen in the above Figure 3.14 (b). This 
elongated needle like grains in material A showed a similar resistance to crack by 
deflecting them. This forced only these elongated grains to be displaced and is shown 
in the below Figure 3.15. 
 
         
           (a)             (b) 
Fig: 3.15 Micro crack growth retardation as seen in material A  
3.2. Erosion Pitting 
 
Pitting is the process in cavitation erosion which is largely responsible for material 
loss. During the continued cavitation testing, pitting immediately followed erosion 
initiation and accelerated the rate of erosion. That is, once the micro pores, cracks 
develop they get broadened allowing the cavitation test liquid to squeeze in. A well 
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understood nature of cavitation erosion is that the rate of erosion is directly 
proportional to the surface roughness. The rough surface formed during the initial 
stages of erosion thus helped accelerate erosion by pitting. The influence of surface 
roughness on erosion rate was experimentally studied and the results are presented in 
section 3.6 of this chapter. The grain boundary regions which became much weaker 
during the initial stages of erosion resulted in grain pull out in this pitting stage. Also, 
the micro cracks resulted in surface layer peeling off at small layers contributes to the 
formation of cavitation pits. This section details this process of cavitation pit initiation 
and growth. 
3.2.1. Pit Inception: 
 
The concept of a cavitation pit formation can be described as the displacement of 
material due to weakening of its surroundings by cracks and pores. Real time 
observation of material displacement is impossible due to the complexity in 
monitoring the cavitation erosion process at microscopic level. But, results obtained at 
different test intervals help understand this process. 
 
Fig: 3.16 Pit formations in Material A 
 
Figure 3.16 above clearly shows the nature of cavitation pit formation. A bunch of 
few grains are about to be detached from the test material in the subsequent cavitation 
loading. This leaves behind an erosion pit. From this image it is also clear that erosion 
pit in silicon nitride is not a result of just one grain displacement, but it can also be 
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due to displacement of bunch of few grains at a time. The nature of the pit geometry is 
not related to the shape of bubbles which impact on them. This was observed in these 
three different test materials where the shape and size of the pits were not identical. 
This concludes that pit shape is determined by the microstructure and material 
strength rather than by the shape of the imposing bubbles. Figure 3.17 shows erosion 
pits on material A which are sharp and narrowed due to their needle like sharp grains. 
 
        
(a) (b) 
 
Fig: 3.17 Sharp and narrow pits in material A 
 
The marked area in Figure 3.17 (a) with an arrow shows a deep micro crack on one 
side and extended to a thin one to encapsulate a large area. Upon further excitation to 
cavitation this area will be displaced leaving out a pit. Also, the circled area in Figure 
3.17 (b) shows linking up of pores encapsulating a small region and furthermore a 
nearby micro crack propagates towards this area. All these clearly explain the 
inception of a cavitation erosion pit. The time taken to form erosion pits largely 
depend on the cavitation test conditions and the material. The images shown in this 
section are pits formed after 10 minutes of cavitation testing with the high powered 
transducer. Identifying different stages of erosion damage against test duration is 
explained in section 3.4 only the mechanism is detailed this section. 
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(a) (b) 
 
        
(b) (d) 
 
Fig: 3.18 Erosion pit inception in material B  
 
As mentioned early in this section, pit shapes were different in different test materials. 
Pit initiation as observed in material B is shown in Figure 3.18 and material C in 
Figure 3.19 
 
 
        
(a) (b) 
 
Fig: 3.19 (a) and (b) SEM and plasma etched image of Material C with cavitation pits. 
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The reason why erosion pits do not form in spherical shape could also be due to the 
following two reasons. Bubbles are not always spherical in shape, due to the pressure 
of other bubbles, particles and boundary gradients, and asymmetries in the flow filed 
can be generated. This leads to non-spherical bubble behaviour (Blake et al 1999, 
Brujan et al 2004). Also, counter jet developed after bubble collapse on the solid 
surface could play role in erosion (Lindau et al, 2001). Surface analysis on all these 
test samples showed that there is no difference in the shape, size or even the location 
of the pits at different areas of the test specimen. But, clearly the initiation of pit 
occurred at the centre of the test samples where the fluid thickness between the 
transducer horn and the specimen was set at 0.5mm. The area away from the centre 
was exposed to low intensity compared to the centre due to the fluid thickness. So it is 
clear why pits on these specimens initiated at the centre. The Figure 3.20 below shows 
the start of erosion pits at the centre of the test specimen tested for about an hour 
using low powered transducer. 
 
 
 
Fig: 3.20 Very few Erosion pits after one hour testing with low powered transducer. 
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3.2.1. Pit Growth: 
 
The growth of cavitation pits is largely by linking up nearby pits. The pits which were 
developed during the initial stages of erosion increased the surface roughness which 
accelerated the rate of material removal. Most of the pits grew by a process called 
bridging; two cavitation pits join together by creating a bridge between them by a 
micro crack or even through another pit. Figure 3.21 (a) below show pit bridging 
process and (b) show enlargement of a pit by additional material removal. Most 
cavitation pits show micro crack extensions at their boundaries. These micro cracks 
grow and linkup up an area which upon further cavitation excitation remove the 
material leaving out another pit, which then link up the old pit. This process of pit 
enlargement is shown in Figure 3.21 (b).  
         
(a) (b) 
 
Fig: 3.21 (a) Pit bridging and (b) pit enlargement 
 
The process of pit bridging was also noted for large pits of few microns wide. These 
pits were grown into large ones by enlargement, deeper but not wider as shown in 
Figure 3.22 below. 
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       (a)             (b) 
Fig: 3.22 Pit bridging of two large pits 
 
The mechanism of pit growth in all materials was identical. Below Figure 3.23 show 
cavitation pit growth in material A. In Figure 3.23 (a) Shows two adjacent pits were 
about to join together. There is no process of bridging or enlargement as early 
mentioned, but rather a new erosion pit area is being formed by linking up micro 
cracks.  This development leads to a third erosion pit adjacent to the present erosion 
pits. In the subsequent testing these three will join together and thus removing lot of 
material, which then further extend wider. In Figure 3.23 (c) and (d) bridging of 
smaller and larger pits can be seen in the marked areas.  Near the marked area with 
number 1 shows an enlargement of a pit by linking up micro cracks and 
simultaneously bridging with the adjacent pit. This leads to a two way growth of this 
pitting region, by enlargement and by pit bridging. 
 
       
            (a)           (b) 
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(c) (d) 
Fig: 3.23 SEM images showing pit growth by linking up pits 
 
         
(a) (b) 
Fig: 3.24 Cavitation pits of different shapes in two materials. 
 
The shape of large pits in material B is shown in the Figure 3.24 (b). The end pits do 
resemble closer to the grain shape or its microstructure. This image was taken after 5 
hours of erosion testing using low powered transducer. A new material apart from 
these A, B and C was tested and is described in the later sections of this chapter. The 
pit geometry of this material is shown in Figure 3.24 (a) which is completely different 
from other materials. Material A with sharp needle like grains always developed into 
sharp pits. The change in the geometry of these sharp pits occurred when they bridge 
to the near by sharp pit to form a wide enlarged pit. This is marked in Figure 3.25 (b) 
Material C with wide and elongated grains had both type of erosion pits and a typical 
geometry of its pit is shown in Figure 3.25 (a). Measurements were carried out to 
monitor the depth and width of these pits and are discussed in section 3.3. It must be 
noted that erosion pits grew deeper only to maximum of 7 microns. 
 
1 
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(a) (b) 
 
Fig: 3.25 (a) and (b) Cavitation pits in material A and C   
     
       
       (a)           (b) 
        
     (c)              (d) 
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(e) 
Fig: 3.26 Light microscope images of erosion pits at different stages. 
 
 
A series of light microscope images were taken at different test intervals to get an 
overview of the pit formation and growth in these materials. One such result on 
material B is shown in Figure 3.26 this material was tested with high powered 
transducer. The first image shows the initial stage of erosion pit formation as observed 
just after 3 minutes of testing. It should be noted that initial pits only appear at the 
centre of the testing area. This is because of the curvature of the test specimens which 
vary the fluid thickness between the transducer and the test specimen. The next stage 
as shown in Figure 3.26 (b) is after 5 minutes of testing. This stage shows pit 
initiation at the edge of the centre area and the previous pits were grown denser by the 
process of pit enlargement and bridging. After 10 minutes of continued testing on this 
material, the centre area was severely eroded forming a centre wear scar with a few 
erosion pits at the edges as shown in Figure 3.26 (c). Further testing for 20 and 30 
minutes resulted in severe erosion on the surface and is shown in Figure 3.26 (d) and 
(e). 
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(a) (b) 
Fig: 3.27 (a) and (b) Erosion pits developed into large crater 
 
The eroded area normally remained at a near constant wear depth of about 7 microns. 
The cavitation testing transducer is made of titanium alloy in order to have superior 
erosion resistance. Regular surface inspection of this transducer was carried out to 
ensure optimal performance. An eroded transducer was once used for testing to 
observe its impact on the test results. Testing was carried out on material B and after 
20 minutes of continued testing the erosive wear region was narrowed as shown in 
Figure 3.27. The white area in Figure 3.27 (a) is the initial wear region and in later 
stages more material was removed only at the centre due to the transducer defect. This 
resulted in a large crater; a close up SEM image of this crater is shown in Figure 3.27 
(b). 
 
          
(a) (b) 
Fig: 3.28 (a) Erosion pits at the edge of the centre wear scar and (b) pit growth at the 
edges. 
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The area away form the centre wear showed less density of erosion pits due to the 
curvature of the test specimen. This variation in the pit density is shown in Figure 
3.28 (a). The interesting point about the growth of these less dense pits is shown in 
Figure 3.28 (b). It was noted that no pit bridging was possible at these areas due to the 
distance between pits and all pits showed a tail like structure and appeared as 
“tadpole”. This suggests that the only way for the growth of an isolated pit is to 
develop a micro crack and thereby enlarge them to reach the adjacent pit. Also, the 
intensity of cavitation in this region is very less which means the rate of pit growth is 
also very slow. 
 
         
(a) (b) 
Fig: 3.29 SEM images on severely eroded areas. 
 
Further stages of erosion pit growth showed almost all pits at the centre region of the 
test specimen were joined together. This showed the severity of the wear and huge 
material loss was observed until this stage. High magnifications of this advanced 
stages of erosion pit growth is shown in Figure 3.29 above. As seen in these Figures, 
it becomes very hard to differentiate the pit from the other wear region. Almost all 
pits were transformed to a very rough surface. Microscope images during this stage 
are shown in Figure 3.30. As shown in Figure 3.30 (a) only a rough surface is visible 
without any notable erosion pits. Further exposure to cavitation resulted in 
accumulation of surface layers without any pit formation. This stage showed that no 
more erosion pitting was possible and the material removal was only by means of 
displacing surface layers from this area. As marked in Figure 3.30 (b) and (c) the 
surface layer remained at few areas. Some pits were transformed to large craters as 
shown in Figure 3.30 (d). 
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       (a)            (b) 
            
(b) (d) 
 
Fig: 3.30 SEM images of final stages of erosion pit growth 
 
It is clear that the primary mechanism involved in the growth of pit is bridging. The 
process of pit bridging was also investigated by testing the same specimen at nearby 
different locations. Test material B was tested initially at one area for 25 minutes 
using high powered transducer. The eroded area was marked under the microscope. 
The specimen was placed in the specimen holder by carefully locating the nearby area 
of the eroded part. After 15 minutes of erosion testing, a new centre wear was found 
at the preferred area as marked in Figure 3.31 (b) as number 2. The edge of these two 
wear areas clearly showed bridging of erosion pits which can be seen in Figure 3.31 
(b). A typical erosion pit bridging is shown in Figure 3.31 (a) for comparison. 
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     (a)           (b) 
Fig: 3.31. (a) pit bridge and (b) erosion wear bridging between two test areas. 
3.2.2. Wear Sheet  
 
Apart from the formation of cracks and pits, wear sheet formation was also noted. 
This type of material damage is characterized by peeling off the surface layer similar 
to plowing. This wear sheet formation is very common in abrasive machining – where 
material is removed by abrasion using hard particles. Solid particle erosion can also 
cause a similar damage. Change of test liquid was regularly carried out during all tests 
in order to ensure no chances for third body abrasion or solid particle erosion. Hence 
these wear sheets are part of cavitation erosion. Wear sheet formation was found on 
materials B and C, but not on material A. These wear sheets were noted only at the 
edge of the centre wear scar and were not extensive. A large area of wear sheet 
removal is shown in Figure 3.32. This wear sheet formation occurred after 5 hrs of 
erosion testing using the low power transducer. A huge area of sheet was thrown 
away, exposing the material subsurface to cavitation. Cracks can be seen on this 
exposed area as shown in the Figure 3.32. Linking up pores is the reason for crack 
like appearance. These formed an enclosed region which on further exposure to 
cavitation peeled off the surface layer.   
 
1 
2 
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Fig: 3.32 Wear sheet formation in material B after 5 hours of testing using low 
powered transducer. 
 
Wear sheets lead to a major material loss.  EDAX chemical analysis to determine the 
composition on this wear sheet area was carried out. The result is shown in Figure 
3.33. The red area shows the composition inside the wear sheet or the peeled off area 
and the black line show the composition on the surface outside this wear sheet. Loss 
of Aluminum and Iron can be seen which are used as sintering additives for this 
material as Alumina and Iron oxide. This composition change however does not 
explain the process of wear sheet formation. 
 
          
Fig: 3.33 EDAX spectra of wear sheet on material B 
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Material C showed smaller size of wear sheet formation like in material B. There 
were many wear sheet areas in this material compared to material B. But, the wear 
formed in this material was not thicker as in the other.  In material A, there were no 
signs of wear sheet formation.       
 
               
 
Fig: 3.34 Wear sheet formations in material C 
 
3.3. Surface Analysis 
 
Cavitation erosion damage is very difficult to measure but recent advancements in 
meteorology overcome this problem. One such advanced 3D scanning laser 
profilometry technique was utilized for these erosion measurements. Surface changes 
due to cavitation was continuously measured at relevant test intervals to monitor the 
formation and growth of cavitation pits, measure surface roughness and volume loss 
to evaluate the material for ranking their resistance. A simple method to compare two 
materials to evaluate their performance against cavitation is to count the number of 
pits after certain time of testing. An example is shown in Figure 3.35. 
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    (a)             (b) 
 
                   (c) 
 
Fig: 3.35 (a) Pits in material A and (b) pits in material B after 5 hours of testing. (c) A 
plot of pit count 
 
On the other hand, surface scanning measurement techniques give precise details on 
the erosion parameters such as pit depth, pit shape and volume of material removed 
during each test intervals. Figure 3.36 show surface scan after 3 and 5 hours of 
erosion testing. The pits formed after 3 hours were joined together and a huge 
material loss was observed after 5 hours as shown in Figure 3.36 (b).  
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       (a)           (b) 
 
Fig: 3.36 (a) Eroded surface after 3 hours of testing and (b) after 5 hours 
 
3.3.1 Average Roughness 
 
During the course of erosion, it was detailed in the early sections that the wear process 
initiates by roughening the surface by forming micro cracks and pores. This pores and 
micro cracks then develop into cavitation pits. Any sort of surface changes or loss of 
material is directly related to the material loss due to wear. Test materials were tested 
for up to 5 hours using the low powered transducer in order to measure their 
roughness at equal test intervals for comparison to evaluate the material against 
cavitation erosion. Measurements were carried out and the results are plotted as in 
Figure 3.37. Material B showed poor resistance compared to material A and C with 
increased surface roughness values over time. It was evident from the surface analysis 
performed using light microscope and scanning electron microscope that material B 
had many number of erosion pits compared to the other two. Also, during the initial 
stages material B showed severe grain fracture and huge loss of material due to the 
nature of its microstructure.  
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Fig: 3.37. Average roughness plot of test materials over time 
 
3.3.2. Volume Loss 
 
The rate of erosion is normally calculated by measuring the mass loss after each test 
interval. Silicon nitride being a low dense material, a very precise measuring balance 
with microgram accuracy is required to get accurate mass loss measurements. Another 
way of calculating the rate of erosion is using volume loss measurements. This was 
done with the same 3D interferometry technique by calculating the net missing 
volume, the method which was reported by Miyoshi and Patella (Miyoshi 2003, 
Patella 2000) and the results are shown in Figure 3.38 which confirms the test 
material rankings against cavitation. 
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Fig: 3.38 Volume loss measurements over time 
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Table: 3.1 Incubation periods (minutes) 
 
        Material         Low powered transducer    High powered transducer  
 
   A    40     5 
   B    25     3 
   C    30     4 
 
Also, the incubation time which determines the onset of material loss is listed in the 
above Table 3.1. These values confirm the material rankings as seen in the wear 
images. Material A was strongest of all with better resistance to cavitation followed 
by material C and B. The material properties for material A such as hardness and 
fracture toughness are high compared to the other two. This provide an explanation 
why this material is high resistant to cavitation. But on the other hand, hardness and 
fracture toughness values of material C is less than material B, only the average grain 
size value is smaller than the other.  
3.4 Erosion Attenuation  
 
There was decrease in the rate of material removal after a certain period of testing. 
This stage is normally called as attenuation stage. The start of this stage varied highly 
with the low and high powered probe and slightly with the test materials. A light 
microscope image of the severely eroded area is shown in Figure 3.39 (a). This 
surface became very rough with presence of large number of deep craters of up to a 
maximum of 12 microns. This stage was reached after 2 hours of cavitation testing 
using high powered transducer. A scanning electron microscope image of this 
severely eroded area clearly shows the rough surface in Figure 3.39 (b). 
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(a) (b) 
 
Fig: 3.39 (a) Light microscope image of severely eroded surface and (b) SEM image 
of the same area. 
 
Material C was tested for a long time of 45 hours to investigate the crater formation. 
Most of the pits were joined together in the early stages and appeared as a large crater. 
One such crater is shown in Figure 3.40 (a) and (b). As seen in the below image, due 
to the presence large number of pores, the probability of liquid squeezing is high. This 
lets the bubbles to be trapped inside these pores. This during further testing act as 
dampers, providing a cushioning effect often called as bubble cushion effect. Also, 
residual gas air in these craters can absorb a part of the impact energy during cavity 
collapse and thus retarding the rate of erosion. An EDAX analysis was carried out on 
this crater to understand the chemical composition which is shown in Figure 3.41 
inside and outside the crater showing loss of aluminum and silicon.  
 
         
(a) (b) 
 
Fig: 3.40 (a) Observed crater in material C after 45 hours of cavitation testing and (b) 
close up 
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Fig: 3.41. EDAX spectra comparison inside and outside of the crater. 
 
           
(a) (b) 
 
        
(b) (d) 
 
Fig: 3.42. Attenuation stage images on material A and B show deep craters. 
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3.5 Stages of Erosion  
 
Despite differences in cavitation conditions and material properties, the process of 
material damage which undergoes a certain progression is common in all materials 
exposed to cavitation. The whole process of cavitation erosion can be divided into 
five major stages as shown in the Table 3.2 below: The very beginning period of 
cavitation erosion where no detectable loss of material is observed corresponds to this 
incubation stage. The time duration of this stage varies with different materials and 
also with varying test conditions like test liquids, magnitude of erosion, operating 
frequency. Hence comparing incubation period of materials should only be made with 
similar testing conditions. Material behaviour during this stage is very difficult to 
understand as no visible modifications are made to the material surface.  
 
 
 
 
No: 
 
Stage 
 
Description 
 
1 
 
Incubation 
 
No detectable material loss 
 
2 
 
Acceleration 
 
Increase in the rate of erosion 
 
3 
 
Steady-rate 
 
Material loss remains constant 
 
4 
 
Attenuation 
 
Decrease in the rate of erosion 
 
5 
 
Termina1 
 
Material loss remains constant at a very low 
level 
 
Table: 3.2.  Description of stages in cavitation erosion 
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There are several factors responsible for this incubation stage. First and foremost is 
the nature of load applied on the material surface. Experiments carried out on the test 
samples for a very short period of time showed no material loss or even any visible 
damage under scanning electron microscopy. Test period was extended for 15 minutes 
with a very high powered transducer and found severe erosion on the material. The 
same testing conditions were repeated on a test specimen, which was allowed to rotate 
freely rather being stationary. This rotated specimen showed only a very few number 
of pits with no severity of erosion which clearly proves that cavitation erosion is 
fatigue process and several thousands of stress or load cycles are required to cause 
failure. 
 
Surface investigations on eroded samples revealed the nature of failure to be brittle 
fracture in silicon nitride as discussed in section 3.1. It was shown that micro cracks 
generated and propagated during the early stages of erosion. It is well known that 
brittle fracture requires crack initiation and propagation and thus consumes some time 
before failure.  Also the energy released during cavity collapse is observed by the 
material. This impact energy absorbing capability of the material is another reason for 
incubation period during erosion. The testing conditions are one of the primary 
reasons which vary this incubation period by varying the impact cyclic pressure. This 
scenario was investigated and is presented in section 3.7.1. Using the high powered 
transducer with amplitude of vibration 60 microns peak to peak had a very short 
incubation period of 3 minutes compared to 40 minutes by low powered transducer 
which operates at amplitude of 16 microns peak to peak. Different stages of erosion as 
tested with high powered transducer with reduced amplitude of 25 micron peak-peak 
amplitude are shown in Figure 3.43 below. This power reduction was used for these 
long run tests mainly to avoid damaging the transducer by cavitation.  
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Fig: 3.43. Different stages of cavitation erosion in silicon nitride 
 
This incubation stage was followed by huge loss of material by pitting as marked as 
number 2 in the Figure 3.43. This stage corresponds to the increased rate of erosion, 
where new cavitation pits formed from linking up pores and micro cracks. Pit growth 
is the next stage where constant level of material was removed. Once severe pitting 
was observed, a decrease in the rate of erosion was observed corresponds to the stage 
4 as in the Figure 3.43. Finally, large pits were formed which developed into craters 
permitting bubble cushion effect as discussed in section 3.4 where a low level of 
material loss was constantly observed. This stage is not common in all materials but 
was found in many materials (Chen 2002). 
 
3.6. Heterogeneous Surface  
 
It was found that microstructure and porosity plays a vital role in providing cavitation 
erosion resistance. This was systematically investigated by experimenting different 
material surfaces of silicon nitride. Rough surface with surface defects such as indents 
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and surface cracks were generated for this purpose. Three silicon nitride ceramics 
from different manufactures were chosen for this purpose. A diamond cutting tool 
was used to section the specimens into a flat surface as explained in section 2.13. This 
was then polished to sub micron finish to attain a very smooth surface for testing. 
These specimens were tested for cavitation erosion and results are presented in the 
following sub sections. 
 
3.6.1. Polished flat specimens  
 
Three silicon nitride materials named S1, S2 and S3 of varying properties as shown in 
Table 3.3 were tested for certain duration of time. These are materials with high 
nitrogen content and have almost no glass phase as in conventional silicon nitride. 
Tests were carried out at maximum transducer power for durations of 15, 30 and 60 
minutes. Instead of distilled water a cutting fluid of viscosity of 2.4 cSt at temperature 
of 400C was mainly used because of industrial interest. Effect of viscosity on the rate 
of erosion is presented in section 3.7.2. All these materials did not show any signs 
below 10 minutes of test duration. Notable material loss was noted from 15 minutes. 
Surface parameters like roughness, volume loss, maximum height and peak-to-peak 
were measured at equal intervals and are presented in the following Figures 3.44 to 
3.47. 
 
 
Material 
 
Primary Matrix 
 
HV 10 
GPa 
 
Fracture Toughness 
MPa(m)^(1/2) 
 
S1 
 
α + β Sailons 
 
17 
 
7.3 
 
S2 
 
α  Sailons 
 
20 
 
4.8 
 
S3 
 
α Sailons 
 
18 
 
5.5 
 
 
Table: 3.3. Properties of flat and polished silicon nitride test specimens. 
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As shown in Figure 3.44, test material S2 has a very high roughness at the initial 
stages of 15 minutes compared to the other two. This material has a low fracture 
toughness of 4.8 MPa √m. It was shown in the previous sections that erosion in 
silicon nitride initiated by fracture. With low fracture toughness this material showed 
poor resistance at the initial stages, but the interesting thing to be noted is in the 
subsequent stages where the roughness remained lower compared to the other two. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig: 3.44. Surface Average roughness over cavitation exposed time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig: 3.45. Average Maximum Height over cavitation exposed time 
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Fig: 3.46. Peak-to-Peak value over cavitation exposed time 
 
 
 
Material S1 has a primary matrix of both alpha and beta sailons, beta matrix is mainly 
attributed to long elongated grains which increase the fracture toughness of the 
material. This property plays a vital role in deflecting the crack and also provides 
resistance for crack bridging. If trans-granular fracture occurs at the initial stages, this 
breaks up the grains and thereby increasing the porosity in the material. This porous 
surface encourages cavitation nucleation and accelerates the rate of erosion. From 
Figures 3.44 to 3.47 shows that this material S1 has a strong resistance remaining at a 
very low level of material degradation compared to the other two. With the test 
continued after 15 minutes shows that the material S1 is no longer capable of 
providing good resistance. This is due to the displacement of a whole grain or bunch 
of grains by two possible mechanisms. One is the grain cracking which lifts up the 
grain and the other is the grain boundary phase weakening due to inter-granular 
fracture.  Microscopic investigations on these materials showed that the damage 
initiation and progression was similar to the conventional materials. There was no 
difference identified in the mechanism of wear despite the variation in erosion rate.  
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Fig: 3.47. Volume loss over cavitation exposed time 
 
3.6.2. Surface Defects  
 
The quality of surface finish largely contributes to the life of silicon nitride balls in 
applications. Surface defects such as surface cracks, radial and lateral cracks are 
common on finished balls due to manufacturing pressing faults or impact cracking. 
These defects are the primary cause for fatigue spalling which reduces the RCF life 
compared to bearing steels (Wang 2000). Advanced manufacturing and surface 
finishing methods have nearly eliminated these defects and thus have an improved 
RCF life. Extensive research work has been carried out to examine the rolling contact 
life with such defects (Wang 2000, 2002, Zhao 2004). But, cavitation erosion studies 
on these defects were not reported and are presented in the following sections.   
 
3.6.2.1 Indents  
 
A 10 kg Vickers’s hardness indent was created on the surface of the silicon nitride 
ball as explained in section 2.1.3. The geometry of the indent is shown in the Figure 
3.48. Light microscopy was used to measure the diagonals, which are d1 = 0.06 and 
d2 = 0.08 mm respectively. This area was carefully marked and positioned in the 
erosion test specimen holder. The area of cavitation exposure is approximately 20 mm 
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which also covers the smooth area adjacent to this indent. This helps to compare the 
response of both surfaces at same time. Cavitation erosion experiments were carried 
out on the indent for few hours until the indent was severely eroded, with test 
intervals monitoring the wear progression.        
          
 
 
Fig: 3.48. 10 Kg Vickers’s Hardness Indent 
 
These experiments used the low power probe which vibrates at amplitude of 16 
microns peak-to-peak. The indent was examined under light microscope after equal 
intervals of exposure to cavitation and is shown in Figure 3.49. Figure 3.49 (a) Shows 
the eroded indent after 30 minutes. The indent is quite moderately eroded, whereas 
the surrounding areas show no sign of erosion. This clearly proves that porosity is the 
important factor for erosion. Any small defects or rough surface encourages cavitation 
by providing a favourable condition for bubble nuclei. 
 
 
 
 
 
 
 
 
 
(a) (b)  
Fig: 3.49 (a) & (b) Eroded Indent after 30 and 60 minutes. 
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(a) (b) 
 
Fig: 3.50. (a) and (b) Eroded Indent after 240 minutes. 
 
 
Further exposure to cavitation for the next 30 minutes results in a severely eroded 
indent and erosion initiation in the surrounding areas was noted which is shown in 
Figure 3.50 (b) 
 
         
 
 
  (a)           (b)  
 
    
 
Fig: 3.51 (a) SEM images of Indent eroded after 60 minutes and (b) visible cracks 
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                            (a)       (b) 
 
 
Fig: 3.52 (a) SEM image of the eroded indent edge and (b) crack 
 
 
 
 
 
 
 
 
Fig: 3.53 EDAX spectrum comparisons of Inside and Outside of Indent 
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3D surface scanning microscopy, described in section 2.4.3 was used to measure the 
surface changes encountered during erosion tests. Indent and the edges were severely 
eroded, whereas the surrounding surface shows no damage.  The indent edges serve as 
a home for bubble nuclei. This helps cavities to grow and violently collapse under 
transducer excitation. Also the process indentation applies high load to cause damage 
or indent on the surface which locally disturbs the microstructure of the material. This 
weakened area was no longer able to withstand any further loading and hence eroded 
much faster than the smooth and fresh adjacent surface. This clearly proves that 
cavitation erosion is a material degradation process resulting from highly localized 
forces and damage occurs at microscopic level. 
 
Erosion on Indent after 2hrs show that the edges were widened and further exposure 
to cavitation showed erosion initiation on the fresh surfaces. These erosion marks 
were typical erosion pits as shown in the previous sections. But, the interesting feature 
to be noted if the visibility of cracks surrounding the indent as shown in Figure 3.52 
(b) Scanning electron microscopy studies showed this formation of cracks which are 
very long than the cracks observed in tests carried on samples without indents. 
Surface away from indents showed similar cracks and few of them on specimens 
tested without any surface defects. Tests on this material A showed the cracks and 
were only observed originating from the white ball like feature as shown in Figure 
3.52 (b) EDAX analyses on these white coloured features showed that they are 
titanium. The presence of these micro cracks signifies that erosion initiates in the 
smooth surface adjacent to defects. This is specially related to material A and no such 
failure feature was observed in other materials. Figure 3.53 shows the EDAX 
spectrum taken on inside and outside the indent. The red colour is the reading taken 
inside the indent and the black coloured spectra overlying it is the one taken outside 
the indent. This shows loss of Titanium, the crucial material which provides superior 
resistance to cavitation.  
 
3.6.2.2 Cracks  
 
Like indent, surface cracks were tested for erosion response. As expected, the damage 
process was quite similar to that of indent. Figure 3.54 shows the surface crack and 
Chapter 3 
 106
the subsequent erosion damages. Same testing conditions were followed for this. 
Erosion initiated on the crack during the beginning stages of erosion testing. No sign 
of damage was observed in the surrounding areas during this stage. In later stages 
erosion pits formed all over the exposed area while the crack was widened and 
severely eroded. 
 
         
(a) (b)  
 
 
      (c) 
Fig: 3.54 Surface crack (a) Light Microscope image of crack before testing, (b) after 2 
hrs of erosion testing and (c) SEM image of eroded crack. 
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Fig: 3.55. Surface microscopy images (a) Surface crack and (b) eroded crack and 
surrounded by pit inception. 
 
 
3.6.2.3. Star Defect  
 
Another surface defect was accidentally found while testing fresh silicon nitride balls. 
This defect appears in a star shaped form and hence called as star defect. This defect 
is not very common, but can sometimes be found in finished bearing balls. Formation 
of this type of defect is caused due to diamond particles during the finial stages of 
polishing.  
 
(a) (b) 
 
Fig: 3.56 SEM image of eroded star pattern and (b) Surface parameters 
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Fig: 3.57. Surface profilometer measurements on the STAR defect. 
 
Scanning electron microscope image showed in the Figure 3.56 clearly shows severe 
erosion on the star defect and only a very few pits is seen on the surrounding areas. 
This is another solid proof that erosion is largely influenced by surface porosity.  
Light interferometry measurements shown in Figure 3.56 and 3.57 that the star defect 
is deep as 6 micron with half a micron of average roughness. This increase in 
roughness due to erosion would encourage further failure mechanisms in rolling 
contact such as, subsurface cracking, delamination and spalling. Silicon nitride ball 
manufactures have developed their own sophisticated screening techniques to identify 
and remove the balls with such defects. 
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3.7. Cavitation Conditions 
 
The level of cavitation and the rate of wear produced largely depend on the cavitation 
conditions and extensive research was carried out to examine this dependence.  
Pressure, temperature, flow velocity, liquid properties and gas content in the test 
liquid were among the parameters included for these studies. Effect of pressure and 
temperature showed that erosion rate increased to a certain level and decreased as any 
further increase in both (Tao 1971, Young 1999, Chen 2002).  Fluid velocity was 
found to be directly proportional to the erosion rate with experiments conducted in 
cavitation tunnels and rotating test rigs (Steller 1999). Influence of gas content is 
same as with pressure and temperature, small amount of increase in gas content in the 
test liquid helps generate more nuclei for bubble generation and thus increasing 
cavitation.  Further increase in gas content creates a cushioning effect during bubble 
collapse and thus reducing the wear rate (Young 1999). Parameters which are 
interested to this project like the effect of vibration amplitude, viscosity and fluid 
thickness between the horn tip and the test specimen were studied and are presented in 
the following sections. The remaining test parameters were kept constant for all 
experiments.  
 
3.7.1. Effect of Magnitude of vibration  
 
It is generally believed that vibration amplitude of the transducer is directly 
proportional to the rate of erosion. This was initially experimented to find out the 
incubation period of silicon nitride in order to understand the ultrasonic power system 
performance for further experiments. As mentioned early, two high and low powered 
piezoelectric transducers of vibration amplitude 16 and 60 µm respectively was 
utilized for this project. The amplitude of vibration is directly proportional to the 
acoustic power and hence investigating the effect of one is sufficient to understand the 
other. At very low amplitudes of until 3 microns peak-to-peak no signs of damage 
were noted. This is because for less than 3 microns of vibration amplitude, the 
bubbles generated are stable which continue oscillating for several cycles without 
collision with the solid surface. Erosion started to appear just over this amplitude and 
the test duration was very long which made to discontinue tests under the amplitude 
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of 10 microns. Above this amplitude, erosion rate sharply increased against increase 
in vibration amplitude and peaks up at the maximum available amplitude of 60 
microns where a notable material loss was observed in 3 minutes. These observations 
were shown in the graph in Figure 3.58 where the erosion starts in a short time of 
testing as the vibration amplitude was increased. The increase in amplitude increases 
the acoustic streaming which help generate transient bubbles causing disruptive 
effects on the solid surface.  
 
 
Fig: 3.58. Influence of Vibration amplitude on erosive wear 
 
 
3.7.2. Effect of Viscosity:  
 
Most of the cavitation experiments carried out for this project used distilled water as 
test liquid. Apart from this, some lubrication oils used in industrial applications were 
also tested to understand their influence on the rate and mechanism of erosion. All test 
parameters like magnitude of vibration, operating frequency were kept constant for 
these tests. This systematic investigation helped understand the effect of fluid 
properties on cavitation damage. Different test liquids as shown in Table 3.4 below 
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were chosen mainly because of varying viscosity values. As seen from the Table, 
highest rate of erosion was noted in water and the lowest was in cylinder oil which 
has a viscosity value of 1040 cent-strokes. A high viscous fluid subjected to cavitation 
must produce a high intensity pressure pulse upon collision, and therefore the rate of 
erosion must increase. But results show that there is a decrease in the rate of erosion 
as viscosity increases.  
 
 
Liquid 
 
Viscosity at 400 C  
(cSt ) 
 
Notable Material Loss 
 
Distilled water 
 
0.658 
 
20 minutes 
 
Shell Macron 110 
 
2.4 
 
60 minutes 
 
Gargoyle oil 
 
32 
 
90 minutes 
 
Shell Talpa 20 
 
94.6 
 
4 hours 
 
Cylinder oil 
 
1040 
 
Test discontinued after 12 
hours 
 
Table: 3.4 Viscosity influence on the rate of erosion 
 
 
This is attributed to the overall level of cavitation intensity produced by the ultrasonic 
transducer. Test liquid with an increase in viscosity directly increases the load for the 
ultrasonic power system. This results in the creation of less cavitation for the same 
magnitude of vibration and power. Also, the bubbles generated by the horn form a 
cluster which oscillates until it becomes unstable and violently collapse on the 
surface. This bubble cluster is directed to the solid surface by the steady forces 
generated by the acoustic field. Increase in viscosity also affects this translational 
motion and thus decreasing the rate of erosion.  On the other hand, the mechanism of 
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erosion was found to be similar in all test liquids. There is no difference in the nature 
of cavitation damage formation. To conclude, liquid properties affect the rate of 
cavitation erosion but not the wear mechanism.  
3.7.3. Effect of Fluid Thickness  
 
The fluid thickness between specimen and the transducer horn is crucial and plays an 
important role in the rate of cavitation erosion. This effect was studied by performing 
experiments by varying the distance of test specimens away from the transducer end 
and these results are presented in Figure 3.59. As mentioned early, very high 
pressures are generated in the liquid upon exciting the transducer. In order to produce 
an effective transformation of this high pressure pulses to the specimen, any loss in 
the magnitude of this acoustic signals must be avoided and this can only be achieved 
by placing the test specimen as close as possible to the transducer. On the other hand, 
time duration in the order of few micro seconds is required for the generated bubbles 
to grow up to resonance or transient size before colliding the solid boundary. This 
time duration could be only be permitted by allowing some distance for the acoustic 
waves to travel. Experimental results show that a distance of 0.5mm between the 
specimen and the transducer tip provides the maximum rate of erosion. This is in 
good agreement with the previous findings (Chen 2002, Cheng 2003)  
 
 
Fig: 3.59. Erosion rate dependence on film thickness 
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3.8 Erosion in Steel  
 
Cavitation erosion tests were also conducted on bearing steel in order to get an idea 
about its resistance compared to silicon nitride. Many reports on cavitation erosion of 
steel can be found in the literature (Vyas 1990, Feller 1984, Fu 1998, Lin 2005). Test 
material used for this purpose was a bearing rolling material made of carbon 
chromium steel with same dimensions to the silicon nitride rolling elements. Material 
properties of this material are given in Table 2.2. Ductile materials are well known to 
provide good resistance to cavitation and in particular, steel is ranked one of the 
superior materials (Young 1999, Chen 2002).  Erosion testing was carried out using 
both low and high powered transducer. It was found that erosion initiation time in 
steel was found to be 5 times longer compared to silicon nitride. Figure 3.60 below 
show the erosion initiation process with very few numbers of pits. This was observed 
after 30 minutes of testing with the high powered probe. It took 5 minutes to attain the 
same level of damage in silicon nitride. It was same for the low powered transducer; 
this initiation time is in good agreement with the literature (Chen 2002) 
 
 
(a) (b) 
 
Fig: 3.60 (a) and (b) Light and scanning electron microscope images of erosion 
initiation in bearing steel. 
 
The main damage mechanism in ductile materials is by plastic deformation or ductile 
rupture. The initial stages of erosion shows some minor surface changes without any 
notable material loss. This can be seen in the above Figure 3.60 where marked areas 
show development of micro cracks. These cracks are developed from the pores or 
micro pits which act as stress concentrated areas. These cracks are very large 
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compared to silicon nitride. This stage is also related to the surface work hardening 
effect, which then removes the surface layer as shown in Figure 3.61. Further 
exposure to cavitation results in pitting, process similar to in silicon nitride.  
 
 
 
Fig: 3.61 Surface layer damage in steel due to erosion 
Erosion pits in steel are different from the geometry of pits observed in silicon nitride 
as shown in Figure 3.62. The mechanism of failure is ductile fracture. Not different 
steel test materials were tested to find out the mechanical properties and micro 
structure correlation to its resistance for cavitation. This is already detailed in 
previous findings (Bregliozzi et al 2005), and is out of scope of this work. However, 
this comparative study clearly shows that steel is much superior to cavitation 
compared to silicon nitride. 
 
      
(a) (b) 
Fig: 3.62 SEM images of erosion pits in bearing steel. 
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Chapter 4 
MECHANO-EROSION 
 
 
 
This chapter provides the experimental methods and results of combined erosion and 
rolling contact wear testing. Cavitation erosion and rolling contact fatigue were mostly 
seen as different wear mechanisms and there were few attempts to find the correlation 
between these two. Cavitation in bearings has been studied for over a century, a 
controlled approach to study this phenomenon is very limited. Beginning sections of this 
chapter discuss about the correlation of cavitation erosion and contact fatigue of ball 
bearings. Section 4.2 presents an attempt made to study erosion on rotating specimens 
which required few alterations in the erosion testing approach leading to an external drive 
motor setup. Section 4.3 presents rolling contact fatigue experiments performed on 
eroded specimens from conventional testing. This is followed by a novel test 
methodology which was designed to accelerate and study erosion in rolling contact. This 
test method made it possible to achieve controlled cavitation in rolling contact fatigue 
experiments. This section 4.4 discusses the design and modifications made to the rotary 
tribometer, and the following sections describe the testing conditions and subsequent 
results obtained from this method leading to the delivery of a new testing methodology. 
4.1 Cavitation Erosion and Rolling contact Fatigue 
 
The first notable publication in an effort to find the correlation between cavitation erosion 
and rolling contact fatigue resistance was by Tichler and Scott (J W Tichler et al, 1970). 
They reported on the resistance of materials to both rolling contact fatigue and cavitation 
erosion. There test materials were ball bearing steels, a rolling four-ball test similar to the 
one used for this project was used. A magnetostrictive transducer vibratory test method 
for cavitation erosion was utilized. They concluded that both tests on the test materials 
showed that they quite corresponds each other in their time to failure. For cavitation 
testing, materials showed severe pitting after 17,000 and 9,000 minutes and 121 and 69 
minutes for rolling contact testing.  
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Further few questions they raised were:  
 
1. Under conditions of lubricated high-stress rolling contact is cavitation erosion a 
contributory factor in the initiation of surface fatigue? 
2. Is there a fatigue process interpretation of cavitation erosion? 
 
The answer to the second question was detailed in chapter 4 by showing the fatigue 
damage process involved in cavitation erosion. Cavitation certainly occurs in the 
lubricating oil at the trailing edge of the rolling contact. But how cavitation affects the 
material damage in rolling contact is unclear. In a later publication, Scott et al presented 
results on the formation of spherical particles in rolling contact fatigue (Scott et al, 1973). 
The presence of these particles is as shown in Figure 4.1 they argued that it could be a 
result of cavitation due to the application and release of extreme pressure in the contact. 
 
 
 
Fig: 4.1 Typical spherical particle debris reported in rolling contact (Scott et al, 1973) 
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4.2 Rotating Specimen 
 
Erosion tests on stationary specimen were presented in chapter 3 of this report. Thorough 
surface investigations did reveal close relation between erosion wear damage and river 
mark type wear found in applications. As shown in Figure 4.2 the nature of pit formation 
growth is similar in both application and laboratory testing. However, the geometry of the 
river mark which runs all over the rolling element with tributaries in the shape of a river 
was not observed in the laboratory. The major difference between erosion damage in 
laboratory testing and application rolling element is the scale of erosion damage, mainly 
the pit formation which is very dense in case of materials tested in laboratories. Although 
the number of pits in application balls is very less they clearly show the pit growth is 
same as in erosion i.e. by the process of linking up or pit bridging as described in section 
3.2  
 
 
                 
 
  (a)       (b) 
 
Fig: 4.2 (a) River marks in application balls (SKF Unpublished) and (b) Erosion marks 
obtained in laboratory. 
 
One major reason for this difference is the dynamics of the rolling elements in real 
applications. As mentioned early, the cavitation erosion produced by vibratory cavitation 
method is a poor reproduction of real cavitation conditions. In applications, rolling 
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elements can exhibit varying state of material removal in the form of wear due to 
variations in the running conditions which is not the case in the laboratory testing, where 
the loading type is characterized by steady-state. Moreover, the specimen is kept 
stationary in cavitation erosion experiments which expose the same area of the test 
material to cavitation. The high intense and dense cloud of cavities generated in the 
vibratory testing can also be the reason for this difference. In order to vary this laboratory 
testing conditions, a rotating specimen approach was tested to investigate any significant 
variation in the erosion wear process. 
 
4.2.1 Testing Methodology 
 
An external drive set up had to be designed to set the test sample in rotation whilst 
testing. In stationary specimen testing, the specimen was held in a specimen holder which 
was placed at the bottom of the test beaker. To realize motion in the test rolling element, 
a drive set up should be placed beneath the specimen to transmit motion effectively. This 
is very difficult as the drive set up should be immersed in the liquid which raise design 
complications. One way to solve this was to keep the drive motor externally out of the 
test beaker but transmit motion through a shaft drive. Further complications rose to hold 
the silicon nitride ball vertically in the beaker as this required to keep the test specimen 
close to the piezoelectric transducer. This way of holding the specimen needs the motion 
to be transmitted in many directions from the motor to the specimen. Also, as mentioned 
early the diameter of the test specimen is 12.7 mm which provide a small tolerance to 
fasten it in a specimen holder. 
 
To overcome these challenges, it was decided to test a specimen of different shape that 
would allow solve these problems. A cylinder silicon nitride test sample of 50 mm in 
length and 15 mm in diameter was provided by the project sponsor. This longer axis of 
50 mm can be placed under the transducer. To set the required rotation in the test 
specimen an external motor gearbox as shown in the Figure 4.3 was used. This is a small 
gear box made of steel and brass with brass gears and is mounted on a 1 mm thick steel 
bracket. It has a 3 pole motor with sleeved bearings, which provide a controlled rotational 
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speed in the range of 200 to 1120 rpm through an output shaft of 4 mm diameter. To 
transfer this motion to the specimen a bevel gear setup was used, which has steel gears 
and shafts running in ball braces and is made of nylon, offering high strength. A long 
steel shaft was manufactured in the workshop along with the required couplings. These 
were then mounted as shown in the Figure 4.3 using the pre-drilled mounting holes. A 
wooden block was made to mount the gearbox setup. This was achieved by fastening the 
steel bracket of the gearbox by screwing it to the wooden block. A laboratory stand was 
used to hold the wooden block firmly and the required power was supplied by an 
electrical source. An aluminum stand was manufactured to fix the bevel gear setup as 
shown in the Figure to hold the specimen at the desired position. 
 
 
Fig: 4.3. Rotating test specimen set up.  
Motor Gearbox 
Power Supply 
Bevel Gear 
Specimen 
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4.2.2 Results and Discussion 
 
With reasonable high speeds of 600 rpm specimen rotation, the incubation period was 
found to be longer compared to the stationary specimen by at least a factor of 2. The 
variation in the erosion rate or material loss was not measured as the main objective of 
this test was to find if there is any change in the nature of erosion damage compared to 
stationary specimen. After 90 minutes of testing with the low powered transducer, 
erosion pits were formed on the test material. The usual damage variation observed in the 
stationary test specimen such as centre wear was not observed on this specimen due to 
same level of cavitation intensity on all parts of the material which was exposed to 
cavitation. The interesting part of the observation was that there was an uniformity in the 
presence of erosion pits. The light microscope images of this result are shown in Figure 
4.4. The initial erosion pits formed in a straight line across the cylinder. Further testing on 
this specimen showed similar pit bridging process as part of the erosion growth. The 
distance between the initial pits were reduced by formation of new erosion pits in 
between them. This is due to the concentrated load nature of vibratory cavitation. This 
load concentration encouraged further erosion in the form of new pits. As marked in 
Figure 4.5 the nearby pits were joined together. The material damage geometry was not 
similar to river marks as found in application balls.  
 
           
                   0.08 mm                   0.17 mm 
         (a)       (b) 
Fig: 4.4 Eroded rotating specimen at various magnifications  
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Fig: 4.5. Erosion mark comparison with application rolling elements. 
 
The above Figure 4.5 show the type of wear obtained in the rotating specimen test and 
one that was formed in the application. As shown in the schematic, the erosion initiation 
zones in laboratory testing form almost straight line due to the rotation and nature of 
loading. The initially formed erosion pits tend to grow by enlargement and bridging. This 
growth leads to a narrow line of wear mark in this testing. The formation of erosion 
initiation largely depends on the cavitation zones in applications and also the surface 
roughness changes due to contact which accelerate the wear. As shown in the above 
Figure, erosion initiation at various locations on the rolling elements might grow and 
form a river mark like appearance as in application balls. 
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4.3 RCF Experiments on Eroded specimens 
 
Rolling contact fatigue experiments were carried out on the eroded test specimens to 
understand the nature of material wear progression in rolling contact. In rotating 
specimen experiments it was clearly shown that pit formation and growth was continuous 
as testing continued. In river marks as observed in applications balls, pits form initially 
and grew wider and in length rather growing deeper. This is because of the cavitation 
intensity generated in bearing running conditions which is much less compared to the 
high intensity laboratory testing. Also, loading in the form of rolling contact is also 
applied in applications balls. This combination of rolling contact and cavitation has a 
combined material degradation process and thus result in different wear form. Erosion 
pits can initiate the material damage in the form of pits which could then grow further as 
seen in river marks. To investigate this hypothesis, test samples were initially tested with 
the vibratory cavitation equipment to generate reasonable erosion pits on the sample. This 
sample was then tested for rolling contact fatigue experiments with eroded area placed in 
the contact track. 
 
4.3.1 Testing Approach 
 
One test material B was tested using low powered transducer for 5 hours which created 
enough erosion pits to be used for rolling contact experiments. Details of rolling contact 
experiments are described in section 2.3. Rotary tribometer was used for this purpose. A 
schematic of the test chamber which consists of a steel cup filled with test lubricant and 
three lower balls and an upper ball as shown in Figure 2.10. The upper ball, here in this 
case is the eroded test specimen, which was fixed in the collet and was driven by a 
spindle which simultaneously applied load.   
 
 
 
 
Chapter 4 
 123 
 
 
Test Specimen 
 
Material B eroded after 5 hours of exposure 
to cavitation 
 
Lubricant 
 
Macron 110 
 
Contact stress (GPa) 
 
5. 
 
Rotational speed (rpm) 
 
2500 
 
Stress Cycle 
 
9.17 x 105 
 
Table: 4.1 Test conditions for eroded specimen 
 
As mentioned early in section 2.3 positioning the surface defect in the contact track is 
very crucial and a successful method was developed to place the surface defect on the 
track (Wang 2001). Testing conditions are presented in the Table 4.1. Lubricant Macron 
110 was used for this testing mainly because of its low viscosity of 2.4 mm2/s at 400 C 
and of industrial interest. Shaft speed of 2500 rpm and a contact stress of 5 GPa was 
used. The specimen was cleaned in an ultrasonic bath with acetone to clear away material 
debris left over from erosion testing in case if any present. The steel cup in the RCF test 
chamber was filled with the test lubricant Macron 110. The eroded part was carefully 
positioned in the collect to allow the eroded area to stay in the contact path. The collect 
was then fastened to the tribometer and the testing was done for about 5 hours at this low 
speed. Frequent surface analysis on the test sample was carried out and the lubrication 
level was kept constant by refilling the test chamber regularly. 
 
 
Chapter 4 
 124 
4.3.2 Wear Results 
 
Surface analysis after 2 hours of testing in rotary tribometer is shown in Figure 4.6. The 
thin white layer in the contact track is due to the adhesion of lubricant. The contact track 
can be clearly seen with no notable changes in the erosion pits. 
 
               
       (a)          (b) 
 
Fig: 4.6 (a) Test specimen after 2 hrs of RCF testing and (b) close up of the contact track 
 
Continued testing on the same area showed erosion pit growth as shown in Figure 4.7. 
This growth was mainly in the form of linking up and bridging as observed in cavitation 
testing. The pits which were away from the contact track showed no sign of alteration as 
no load was applied to this part. As seen in the Figure 4.7 severe pitting continued at the 
contact track but no spalling was observed, a typical failure mechanism in rolling contact 
fatigue testing. This clearly signifies that no subsurface cracks are generated in cavitation 
erosion. This was also observed in application balls with river marks that the depths of 
those wear marks were to a maximum of 7 microns similar to what was seen in erosion 
testing. 
 
0.17mm 
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Fig: 4.7 Erosion progressions in rolling contact after 4 hours of testing. 
 
Light interferometry technique was used to measure the surface parameters on this test 
sample which is shown in Figure 4.8 the maximum depth as shown in this measurement 
is 5.12 microns. The pit progression in the contact path was very same as the process in 
cavitation testing and did not lead to a river mark type of material wear. This is due to the 
multiple origins generated in eroded specimen; origins here refer to erosion pits. A 
minimum number of origins with reasonable distance between them can develop cracks 
due to fatigue leading to river mark type of wear because of variations in loading 
conditions, which is not the case in these experiments. 
 
Fig: 4.8 Surface scan of the contact path. 
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4.4 Mechano-Erosion Experiments 
 
Rolling contact fatigue testing of bearing elements is typically in the form of applying 
contact stress between rolling elements under lubricated conditions. This method 
precisely includes the effect of load, stress cycles and lubrication properties in order to 
evaluate the rolling contact life of bearings. Present bearing technology is capable to have 
bearings run for infinite number of cycles, provided a proper lubrication is ensured and 
operated under the fatigue limit stress. In reality, cavitation and contamination in 
lubricants play a role in the life of bearings. There are several publications on the effect 
of contaminated lubricant on their fatigue life (Sayles et al 1982 & 1988, Williams et al 
1992, Nixon et al 1995 and Mitchell et al 2000).To reduce the testing time, a surface 
defect is often introduced in the rolling element such as hardness indents and surface 
cracks. For contamination tests, debris is introduced in the test lubricant to study their 
effect and for abrasive wear effect on rolling contact. Bearings operated under low 
saturation temperature lubricant are vulnerable to cavitation erosion. Thus, to evaluate 
bearing running under this condition a test method which include the effects of cavitation 
in rolling contact fatigue testing is required. This has been a major challenge to study the 
effect of cavitation along with rolling contact fatigue testing, with such limited work been 
reported on the study in this particular field. This also encouraged designing a test setup 
to couple two phenomena cavitation and rolling contact fatigue. A novel test 
methodology was designed for this purpose and is detailed in the following sections 
(Karunamurthy 2007). 
 
4.4.1 Test Rig Design  
 
The rotary tribometer used for this testing is described in section 2.3.1. This rotary 
tribometer can simulate the running conditions of an angular contact ball bearing 
configuration under different conditions of contact stress and lubrication. As shown in 
Figure 2.10 the loading configuration of this rotary tribometer consists of a steel cup of 
50 mm outer diameter supported by a steel cylinder to allow fix the steel cup to the 
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machine. Three lower balls representing a planetary motion are placed inside the cup 
which is then filled with lubricant. Load is applied through a rotating shaft from the top 
which at the end has a collet to fix the test rolling element. All test rolling elements are of 
12.7 mm in diameter. Any specimen with higher or lower diameter cannot be tested using 
this tribometer. It is not possible to produce cavitation in this test chamber with 
hydrodynamic methods. That is to generate cavitation using high speed liquids passing 
through geometry restrictions thereby producing cavitation. Other options which are left 
to produce cavitation in this conditions is either by vibratory method or by rupturing the 
liquid using high intensity light such as LASER.  
 
Designing and manufacturing another test method is not only time consuming but also 
expensive to go for LASER cavitation method. The available vibratory cavitation method 
has a piezoelectric transducer with a diameter of 20 mm. This cannot be adapted to 
implement it into the test chamber of the tribometer. To account for the space 
requirements, new piezoelectric transducer geometry was designed with a diameter of 5 
mm. This design was manufactured by the cavitation equipment supplier to allow 
vibrating the transducer with a resonance frequency of 20 KHz which is generated by the 
available ultrasonic generator in the laboratory. This newly designed transducer must be 
implemented on to the test chamber such that a reasonable level of cavitation can be 
produced in the test lubricant and also, the intensity of cavitation must be high enough to 
cause erosion in the rolling contact region. As shown in the test configuration in the 
Figure 2.10, the only way to insert the transducer is from the side of the test cup. This 
way it ensures that the end of the transducer horn which generates cavitation stay close to 
the rolling contact track. 
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TRANSDUCER                   
ROLLING 
ELEMENTS
 
Fig: 4.9. Ultrasonic transducer in RCF test chamber 
 
Another important design consideration was the lower balls. Implementation of the 
transducer horn into the test chamber should not disturb the dynamics of these lower 
balls. Any mild contact with these lower balls will result in abrasive wear of test 
materials due to sliding and a strong contact will damage the transducer as well as the test 
materials. The tolerance between the transducer horn and the lower balls were accurately 
calculated to determine the correct position of the transducer during testing.  The 
curvature of the rolling elements offers advantage to position the transducer end slightly 
above the centre of the lower rolling elements. The Figure 4.9 above shows this designed 
position of the transducer in the steel cup with the lower balls. 
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Fig: 4.10 Schematic of Test configuration. 
 
Once the accurate position of the transducer was determined, it was decided to create a 
port in the steel cup which is the only way to ensure placing the transducer at this 
location. A new stainless steel cup of the same design as shown in Figure 4.9 and 4.10 
was manufactured in the workshop for this purpose. A high carbide drill bit was used for 
creating the port of required dimension. This port was designed to a diameter of 5.5 mm 
in such a way that it accommodates the transducer horn which is of 5 mm in diameter 
with good tolerance. Major challenge rose when a proper sealant had to be found to seal 
the transducer in the port. The vibratory cavitation equipment must freely vibrate without 
constraining as it is essential to generate cavitation in the liquid. Any prevention to this 
vibration will not result in a good intensity level of cavitation in the liquid and would also 
damage the transducer horn due to abrasion. 
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The purpose of the sealant is as follows: 
 
1. To position the piezoelectric transducer in the test chamber 
2. To seal off the port to avoid any lubrication leakage without vibration. 
3. To allow the transducer horn to effectively vibrate without any constraints, 
and thereby eliminating any heat generation due to sliding contact and 
abrasion of materials.  
 
 
For Probe
 
Fig: 4.11 Stainless steel test chamber to accommodate test steel cup in the tribometer. 
 
These requirements eliminate the possibility of using any mechanical sealants. The only 
option is to use a sealant of adhesive type and hence a high temperature adhesive sealant 
was selected. This adhesive sealant is also chemically inert and thus advantageous when 
applied in oil environment. The steel cup is fixed to the rotary tribometer with the help of 
a steel cylinder as shown in Figure 4.11 above. Another port had to be created on this 
cylinder to align the port with the steel cup to allow inserting the transducer. To position 
the transducer to the test chamber, the sealant was applied to both ports such that it fills 
them completely. This was achieved using a sealant gun. 
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      (a)          (b) 
 
 
 
(c) 
 
Fig: 4.12 Mechano-Erosion Test setup (a) Before loading (b) After loading and (c) 
Complete set up. 
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Once the sealant was applied to the ports it was allowed for a setting time of 24 hours. 
After curing, the centre of the port was carefully marked using a marker. This area was 
then drilled with a drill bit with less pressure to a diameter of 4 mm. This diameter was 
found sufficient enough to insert the transducer of 5 mm diameter with a small force. The 
positioning of the whole transducer horn setup on to the tribometer was difficult due to 
the reason that the two rigid vertical columns of the tribometer guide the test chamber to 
move vertically upwards to apply load and rotation by the drive spindle. Also, when the 
specimen fails during the testing, the machine is configured to move the test chamber 
downwards automatically. Thus the cavitation equipment attachment must therefore be 
designed in such a way that it moves along with the test chamber. An aluminum holder 
was manufactured to firmly hold the transducer set up and as well to move along with the 
motion generated by the tribometer during the start and end of the test. The dimensions of 
this holder are shown in appendix C. The whole test set up is shown in Figure 4.12. The 
marked areas in Figure 4.12(a) show 1. The drive spindle with the collect attached at the 
end, 2. Test chamber with lower balls and lubricant, 3. Port sealed with the high 
temperature resistance adhesive sealant and 4. Transducer horn set up constrained to the 
holder. 
4.4.2 Experimental Procedure 
 
The following describe the step by step procedure for testing bearing rolling elements 
with the new Mechano-Erosion method: 
 
• The test chamber which consists of the steel cup and cylinder was cleaned with 
acetone to ensure no presence of debris and dried using a blower. 
• High temperature adhesive sealant was injected to the port using the sealant gun 
to shut the port completely with the sealant 
• The sealant was allowed to a minimum time of 24 hours for curing. 
• After sealant curing, the centre of the port was carefully marked with a marker 
• A driller was used to drill a hole of 4 mm at the marked point. 
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• The piezoelectric horn assembly detached from the ultrasonic generator was 
forced through the generated port gently. 
• Test chamber was then fixed on the rotary tribometer. The transducer assembly 
was supported by the aluminum holder as shown in Figure 4.12. This aluminum 
block was manufactured with a conical cut at the middle to firmly hold the 
transducer. This block was clamped with the tribometer test chamber beam. 
• Lower balls were added to the steel cup in the test chamber. Materials of these 
lower balls were both bearing steel and silicon nitride depending on the contact 
requirement for the tests 
• Lubricant was then supplied to the chamber and ensured the level of lubricant 
was sufficient during the whole test, when required the test chamber was refilled. 
Different type of lubricants were tested and is mentioned in appropriate sections 
where necessary 
• Test material was fixed in the collect simply by applying force 
• Collect was fastened to the drive spindle of the tribometer 
• The position of the transducer horn tip was adjusted back to the desired position 
to ensure no metal to metal contact. 
• Piezoelectric transducer horn assembly was connected to the ultrasonic generator 
and then to a power supply 
• Required rotational speed, contact stress and test duration was set using the 
computer which controls the rotary tribometer 
• All tests were conducted at room temperature, and vibration safety limit was 
specified in the computer program to allow the machine to stop automatically if 
the vibration exceeds the specified limit 
• A new test is defined using the graphical user friendly program to define the 
series of steps, load for each step, temperature and required stress cycles. This 
program records the whole test. 
• The vibratory cavitation equipment was turned on to create cavitation in the test 
liquid and simultaneously the rotary tribometer was started for rolling contact 
fatigue experiments. 
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• The maximum power that can be generated by this new piezoelectric transducer 
is about 700 watts with a maximum vibration amplitude peak-to-peak of 60 
microns. The amplitude and the output power of the system is directly 
proportional to each other 
• The vibration amplitude of the transducer was gradually increased from zero to 
the maximum at the start of the test. This is achieved in about 30 seconds. 
• This maximum vibration amplitude was used for all tests, but the effect of this 
vibration on the test results was also studied. 
• A forced air cooling was used to keep the transducer from heating up as the 
recommended operating temperature of the transducer is 50 degree centigrade 
• Visual inspection of the test chamber and the transducer and its position was 
followed every 30 minutes 
• The lubricant was evacuated every 2 hours and disposed following the safety 
disposal methods 
• Tests were paused at required intervals for test specimen inspection which was 
typically every hour of testing 
• The collet was removed from the tribometer; the test specimen was cleaned with 
acetone without removing it from the collet. This ensured the contact track to be 
at the same position for any continued tests 
• Test specimens were examined under the microscope using a specially designed 
holder which allows the collect-test sample set up to be studied under the 
microscope. 
• After surface analysis the collet was placed back to the tribometer to continue the 
test 
• Surface examination of the transducer horn tip was regularly followed to remove 
the worn material if any present. 
• Once the test was finished, the specimen was removed from the collet, cleaned 
using an ultrasonic cleaner using acetone and set for surface analysis. 
• The above procedure was repeated for all tests. 
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Specimen 
Id 
 
Lubricant 
 
Contact 
Pressure 
(Gpa) 
 
Shaft 
Speed 
(Rpm) 
 
Test 
Time 
(Min) 
 
Stress 
Cycles 
 
Cavitation 
Intensity 
In 
Vibration 
P-To-P(µM) 
 
S-1 
 
Macron 110 
 
0.2 
 
2000 
 
240 
 
2.53x 105 
 
60 
 
S-2 
 
Macron 110 
 
3 
 
3000 
 
120 
 
3.57 x 105 
 
60 
 
S-3 
 
Macron 110 
 
5 
 
3000 
 
360 
 
1.08 x 106 
 
60 
 
S-4 
 
Macron 110 
 
5 
 
7000 
 
180 
 
1.26 x 106 
 
60 
 
S-5 
 
Macron 110 
 
5 
 
5000 
 
180 
 
9.3 x 105 
 
60 
 
S-6 
 
Macron 110 
 
3 
 
3000 
 
240 
 
7.63 x 105 
 
60 
 
S-7 
 
Macron 110 
 
5.1 
 
2000 
 
40 
 
8.2 x 104 
 
60 
 
S-8 
 
Macron 110 
 
5 
 
3000 
 
120 
 
3.6 x 105 
 
60 
 
S-9 
 
Macron 110 
 
5 
 
3000 
 
240 
 
7.1 x 105 
 
60 
 
S-10 
 
Macron 110 
 
5.1 
 
3000 
 
180 
 
5.25 x 105 
 
60 
 
S-11 
 
Macron 110 
 
5 
 
5000 
 
240 
 
1.2 x 106 
 
60 
 
S-12 
 
Macron 110 
 
5.2 
 
7000 
 
180 
 
1.26 x 106 
 
60 
 
S-13 
 
Macron 110 
 
5.2 
 
7000 
 
300 
 
2.1 x 106 
 
0 
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S-14 
 
Macron 110 
 
3 
 
5000 
 
240 
 
1.26 x 106 
 
60 
 
S-15 
 
Macron 110 
 
5.2 
 
5000 
 
240 
 
1.26 x 106 
 
60 
 
S-16 
 
Macron 110 
 
3 
 
2000 
 
180 
 
3.6 x 105 
 
60 
 
S-17 
 
Macron 110 
 
3 
 
3000 
 
180 
 
5.4 x 105 
 
60 
 
S-18 
 
Distilled 
water 
 
5.2 
 
5000 
 
40 
 
2 x 105 
 
60 
 
S-19 
 
Macron 110 
 
5.2 
 
5000 
 
60 
 
3 x 105 
 
60 
 
S-20 
 
Refrigeration 
oil 
 
5.2 
 
5000 
 
480 
 
2.4 x 106 
 
60 
 
S-21 
 
Base oil 
 
5.2 
 
5000 
 
Test  
discontinued 
 
Test 
Discontinued 
 
60 
 
S-22 
 
Cylinder oil 
 
5.2 
 
5000 
 
Test  
Discontinued 
 
Test 
discontinued 
 
60 
 
S-23 
 
Macron 110 
 
5.2 
 
5000 
 
Test  
Discontinued 
 
Test 
discontinued 
 
10 
 
S-24 
 
Macron 110 
 
5.2 
 
5000 
 
Test  
Discontinued 
 
Test 
discontinued 
 
20 
 
S-25 
 
Macron 110 
 
5.2 
 
5000 
 
420 
 
2.1 x 106 
 
30 
Table: 4.2 Mechnao-Erosion test programme 
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4.5 Erosion in rolling elements 
 
Some preliminary tests were conducted to test the function of the new testing 
methodology. This was done by running the tests at varying speeds but without applying 
heavy load through the machine spindle i.e. with a minimal load just to ensure that the 
upper ball is contact with the lower balls to transfer the motion from the spindle. The 
cavitation testing methods were kept the same as the conventional vibratory cavitation 
testing. The only difference is the distance between the specimen and the transducer tip. 
In bench testing, it was found a distance of 0.5 mm showed high erosion rate. This 
distance of fluid gap is not possible here in this case of mechano-erosion testing. 
However, the intensity of cavitation generated in the test lubricant is high enough to 
cause erosion in the test material. The rate of erosion is slower compared to the bench 
testing due to this reason. Figure 4.13 below shows the result of one of these preliminary 
tests. This is the result of specimen S-1 which was run for a stress cycles of 2.53 x 105 at 
a speed of 2000 rpm. As seen in the light microscope images, erosion marks was 
observed all over the lower balls. This is a clear indication that cavitation erosion can be 
produced on the rolling elements using this new test method. 
 
 
 
 
 
          
 
(a) (b) 
 
Fig: 4.13 Erosion marks on lower balls of S-1. 
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The close up of these erosion marks is shown in Figure 4.13 (b). These marks showed 
signs of directionality due to rolling. Rotation of test specimens during rolling contact is 
the reason for this C-shaped marks or pits. Also, the concentration of these pits was not as 
observed in bench testing. The distance between these pits show that erosion can cause 
fatigue zones to begin at various locations on the rolling element not necessarily very 
close as in the case of bench testing.  This is also encouraging as river marks on 
application balls showed similar distant fatigue zones. A light microscope image with 
high magnification on one of these erosion marks is shown in below Figure 4.14. This is 
clearly an erosion pit as no other loading was applied during this test. As seen in the 
below Figure 4.14 the surrounding area of the pit does not show any signs of surface 
changes. This was not the case in conventional erosion testing, where to get to this same 
stage of pitting as shown here would result in a very rough surface and presence of 
several pits nearby. This strongly proves that cavitation on rolling elements result in very 
less density of erosion pits all over the surface. 
 
 
 
 
 
 
Fig: 4.14 Microscope image of Erosion mark on rolling element. 
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4.5.1. Erosion on contact track  
 
Another set of preliminary tests were also conducted with load applied by the tribometer 
along with cavitation. Result of one of these tests is shown in Figure 4.15 below. This 
was a hybrid contact test of specimen S-2 i.e. upper ball was silicon nitride and lower 
balls were bearing steel. Surface investigation after a couple of hours showed formation 
of erosion pits on the contact track. As shown in the Figure 4.15 after 3.5 x 105 stress 
cycles erosion marks are only seen on the contact track not any where else on the upper 
ball and lower balls showed no surface change. This proves that these marks are not only 
due to cavitation or contact stress loading, but a combination of these two. 
 
 
              
(a) (b) 
 
Fig: 4.15 Erosion pits on contact track of S-2. 
 
The reason for formation of erosion marks only on the contact track is due to the surface 
changes due to contact stress coupled with rotation. Due to increase in the number of 
stress cycles the surface gets rougher and no longer remains smooth as the rest of the test 
specimen. As previously described in section 3.6 highly polished materials provide good 
resistance to erosion compared to rough surface. A low viscosity lubricating oil was used 
for this test and the contact stress was 3 GPa at a maximum shaft speed of 3000 rpm. 
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Tests were also conducted without cavitation in this test set up. These tests showed no 
signs of surface changes and remained smooth. In test S-2, erosion pit density was high 
on the contact track. A scanning electron Microscope image of the edge of this contact 
track is shown in Figure 4.16 below. It is clearly seen that the population of erosion pits 
gradually reduce as from the centre of the contact track towards the outer region. Also the 
erosion pits show a direction in their geometry due to rolling.  
 
 
Fig: 4.16 Edge of contact track 
 
4.5.1.1 Ceramic contact 
 
Once erosion marks were observed on the contact track using this test method, different 
rolling contacts were investigated preliminary to understand the difference. Hybrid 
contact i.e. ceramic rolling elements with steel races are widely used in industry 
applications. Ceramic to ceramic contact is also used in applications and was tested to 
understand the difference in the nature of erosion progression in these two contacts. As 
silicon nitride provides less resistant to cavitation compared to bearing steel and hence 
the severity of material damage was found to be high in this contact.  
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The below Figure 4.17 shows results obtained from test specimen S-3. This is material B 
with same material for lower rolling elements. Erosion marks were observed just over an 
hour with very less number of micro erosion pit formation. With high contact stress of 
5GPa applied the contact track was clearly visible. The micro pits formed during the 
initial hours of testing were appeared as small indents due to the increased load. But as 
the time continued over time, some micro pits were grown to major pits which appear big 
as same as in conventional erosion testing. These erosion pits on the contact track is 
shown in Figure 4.17 below. Also, micro pits can be seen at the edge of this track 
suggesting less contact stress region give rise to small number of erosion pit formation 
compared to the centre of the track where the applied load was high. 
 
              
(a) (b) 
 
Fig: 4.17 Erosion pits in ceramic to ceramic contact 
 
Another important feature to note in this test is the distance between larger pits was large. 
Micro pits show extensive pit bridging and growth whereas large pits were mostly 
isolated from other large erosion pits. Also the shape of these erosion pits is nearly 
spherical as marked in the Figure 4.17 (b). The edge area marked by arrows in the Figure 
4.17 (b) show erosion pit formation which are not large as the one seen on the track. 
These edge pits clearly show the mechanism of pit bridging and can be justified that 
loading has an effect on this process. All pits did not show any growth in depth over the 
testing time. 
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Tests on the same ceramic to ceramic contact was conducted on material C. This is test 
specimen S-4 with very high speed of 7000 rpm. The increase in rotational speed 
increases the number of stress cycles there by reducing the test time. This material was 
failed in just 3 hours of testing at a contact stress of 5GPa. The contact region was 
severely eroded as shown in Figure 4.18 below. The contact region was deeper due to 
high load with numerous erosion pits as shown in Figure 4.18 (b). The lower balls were 
also damaged severely by major material loss in the form of delamination wear. This 
material was tested again without erosion test coupling and found that it withstood such 
high pressure and speed without failure concluding that erosion has accelerated the 
material failure. 
 
               
(a) (b) 
 
Fig: 4.18 Light microscope images of material C eroded contact track (a) full view of the 
eroded track and (b) High magnification of the contact track. 
 
The region away from the contact track remained unchanged. They were smooth even 
after the test was completed. A Scanning electron microscope image on this region is 
shown in Figure 4.19. These erosion pits in the contact region were not big as observed in 
the bench erosion testing. Also, due to high contact pressure these erosion pits were 
rubbed strongly during contact and the roughness of this region was very less as 
compared to the same level of erosion observed in static erosion testing. Light 
interferometry method was used to measure the surface parameters and is shown in 
Figure 4.20. 
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Fig: 4.19.Contact track and adjacent area 
 
 
 
Fig: 4.20 Surface measurements on the contact track region 
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The maximum depth of these erosion pits measured to 3.9 microns compared to a 
maximum of 6 microns measured in static erosion testing of this same material C. 
Accumulation of material due to formation of pores and pits is usually noted in static 
testing, but here in this case, this accumulated material was either removed away or 
prevented due to high contact pressure. This part is shown in Figure 4.21 (a), where the 
contact region is fairly smooth with deep pits. Also, as marked in this Figure, the process 
of pit bridging is also shown. The geometry of the pits in this material C was observed to 
be wider as shown in Figure 4.21 (b). In this S-4 testing, erosion pits on the contact 
region are sharper and tiny showing no displacement of grains or bunch of grains were 
noted. However, this tiny erosion pits certainly correspond to displacement of broken 
grains due to transgranular fracture. Comparison of static and rolling contact erosion pits 
is shown in Figure 4.21 below: 
  
              
(a) (b) 
 
Fig: 4.21 Comparison of erosion pits in rolling contact and bench testing (a) Eroded 
contact track and (b) erosion pits on stationary specimen. 
 
4.5.1.2 Hybrid Contact 
 
This section describes the wear mechanism on hybrid contact – with silicon nitride as 
upper ball and bearing steel were lower rolling elements. This is test specimen S-5 which 
was run at the same contact pressure used for ceramic to ceramic contact but with a less 
Chapter 4 
 145 
rotation speed of 5000 rpm. The microscope images shown in Figure 4.22 are after 
testing for 3 hours. The formation of erosion was similar to ceramic to ceramic contact as 
erosion marks were formed only on the contact region. The erosion marks formed on this 
contact track were very different in shapes compared to the ceramic to ceramic contact. 
These erosion marks showed directionality to rotation and contact stress and they are in 
identical shape as English alphabet “C” and hence therefore referred here as C marks. 
 
 
            
(a) (b) 
 
Fig: 4.22 Erosion marks on ceramic rolling element with hybrid contact 
 
These C marks were not closely packed and showed a reasonable distance between them. 
They were also thinner compared to results obtained in static erosion tests. This 
formation of different shape of erosion marks clearly signify that erosion pits or marks 
need not supposed to be spherical or in the shape of microstructure of the material or 
bubble shape. Rather this is largely influenced by the contact materials and test 
conditions play a huge role in determining the shape of erosion pits. Bearing steel which 
was used as lower balls in this test showed sharper erosion pits in their contact track. This 
is shown in Figure 4.23 below. The difference in the shape of erosion marks in the 
contact track of lower steel balls shown in Figure 4.23 (b) can also be due to abrasion 
despite change of lubricant frequently was followed. Also typical erosion damage of 
bearing steel is shown in Figure 4.23 (a) which is similar to erosion observed in static 
erosion tests.  
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(a) (b) 
 
Fig: 4.23 (a) Contact track eroded on steel lower balls and (b) close up 
 
High magnification images of these erosion pits on bearing steel is shown in Figure 4.24 
below. As shown in these Figures, erosion pits are very sharp as well as broad in Figure 
4.24 (a) and (b). These entire sharp and broad pits clearly show directionality in the 
formation which is due to effect of rolling contact. There is also the process of pit 
bridging can be seen in the marked area in Figure 4.24 (a). The sharper pits are similar to 
surface indents which is also a characteristic of erosion damage and the broad pits shown 
in the next image is as similar to what was observed in static erosion tests on bearing 
steel. 
 
              
(a) (b) 
Fig: 4.24 High magnification of steel ball contact track (a) showing sharp erosion pits and 
(b) high density of erosion marks 
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Apart from these sharp and close packed broad pits, a bunch of erosion pits was observed 
on and near the contact region. This is shown in Figure 4.25 (a) and (b). As shown in 
Figure 4.25 (a) erosion pits are seen very far away from the eroded contact track on the 
left. This suggests that lower balls are also subjected to cavitation in the test chamber. 
However, the rate of erosion on this region is very low due to pure cavitation loading, 
whereas in contact regions rolling contact add up to the load and thus accelerating the 
rate of erosion. A closer look on this bunch of erosion pits as shown in Figure 4.25 (b) is 
very similar to cavitation erosion observed in the bench erosion testing on this material. 
 
 
             
(a) (b) 
 
Fig: 4.25 (a) Bird’s eye view of contact track of steel lower ball and (b) Area with bunch 
of erosion pits. 
 
The lower steel balls showed signs of material removal in the form of ring shaped surface 
layer peeling. This deformation of surface layer was not observed in static erosion tests. 
The edge of these ring shaped damage showed lifting of material surface as show in 
Figure 4.26. Erosion marks were also seen close to these edge areas, which are of both 
sharp and broad shaped. Upon further testing, this edge area would eventually loose the 
material by flaking of surface layer contributing to huge material loss.  
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(a) (b) 
 
Fig: 4.26 (a) Ring edge of lower steel ball and (b) ring mouth 
 
This process of material flaking is shown in Figure 4.27 below. Cracking of material 
surface layer can also be seen in this Figure. This flaking process is normally due to 
adhesion failure and is caused by induced crack. This type of crack formation and flaking 
was only observed in this type of testing. 
 
 
 
Fig: 4.27 Material flaking at the edge of the ring in bearing steel 
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4.5.2 Wear mechanism in rolling contact 
 
The erosive wear mechanism due to cavitation consists of formation of multiple trans and 
intergranular fracture which then followed by formation of pit and growth developing 
into craters leading to a heavy loss of material. Here in mechano erosion testing, the wear 
process is very complicated to assess the mechanism due to the nature of loading 
conditions and material failure. Few tests were carried out at different conditions to find 
out erosive wear initiation and progression in rolling contact.  Frequent surface analysis 
on the test specimen was carried to find out the precise erosion initiation stage of material 
damage. The beginning stage of wear does not show any signs of micro crack formation 
rather only micro pits. These micro pits were characterized by bubbling out of the surface 
layer which then undergoes cracking allowing the lubricant to squeeze in due to rolling 
contact. This in later stages of testing grows into pits and continued testing resulted in 
formation of numerous pits of high concentration in the track and mild wear at the edges 
in the formation erosion pits. This mechanism of wear is detailed in the following parts of 
this section. 
 
 
4.5.2.1 Formation of micro pits 
 
The result of test specimen S-6 is shown in Figure 4.28. As shown in the Figure the 
contact track of the silicon nitride test specimen became rough at the initial stages of 
testing. This rough surface then showed signs of micro pit formation. The “bubbling out” 
process was found to be the main part of micro pit formation. As both cavitation and 
rolling contact stress loading was applied, the squeezing in of lubricant in the contact 
region allow formation of this bubbling out phenomena of the surface layer due to cavity 
collapse. This process of bubbling out of the surface layer is much localized due to the 
nature of loading conditions. Once this bubble like bursting occurs, they form micro 
cracks at this region which show signs of fracture. These minute cracks allow the 
lubricant to get in to surface thereby changing the mechanism of lubrication.  
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(a) (b) 
 
Fig: 4.28. Bubbling out of surface layer in rolling contact 
 
The passage of lubricant into this bubbling out feature accelerates erosion locally due to 
the presence of bubble nuclei. The growth of bubble in this area allows sufficient 
cavitation formation which encourages material removal. This material removal leads to 
the formation of micro pits. As shown in Figure 4.29 below, these bubbling out features 
were found just after 8.2 x 104 of mechano-erosion testing. This is test specimen S-7 
which as marked in the Figure 4.29 (b) show clearly the formation of micro pit from 
these bubbling out features. 
 
               
(a) (b) 
 
Fig: 4.29 Wear initiations in rolling contact after 40 minutes 
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        (a)       (b) 
 
Fig: 4.30 (a) Micro pit formation and (b) C-shaped damage initiation 
 
This process of micro pit formation was found to be same for C-mark formation. As 
shown in Figure 4.30 (a) above of test specimen S-7, the bubbling out feature upon 
further excitation to cavitation and rolling contact leaves behind this type of pit marks. 
On the Figure shown in 4.30 (b), the C- shaped marks show accumulation of material on 
the edges which during continued testing allow displacing this material causing the 
formation of C- shaped marks. This clearly suggests that material removal process at the 
initial stages takes place at small scale as observed in static erosion testing. 
 
4.5.2.2 Erosion pits and material failure 
 
The formation of erosion pits accelerated after this stage of micro pit formation. Different 
stages of pit formation are shown in Figure 4.31 below. These are test materials S-8 and 
S-9 which is material A silicon nitride with bearing steel as lower balls. As shown in 
Figure 4.31 (a) the test material exhibit very less concentration of erosion pits which was 
observed after 3.6 x 105 stress cycles of testing. The white colour layer as seen on the 
contact track is the lubricant layer which is a typical behaviour of this low viscosity 
lubricant Macron 110. For test specimen S-9 which was tested at same conditions but for 
more number of stress cycles for 7.1 x 105 shows extensive pit formation in Figure 4.31 
(b). 
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(a) (b) 
 
 
(c) 
 
Fig: 4.31 Material A erosion marks (a) after 2 hours (b) after 4 hours and (c) close up of 
erosion marks 
 
The close up of this erosion marks are shown in Figure 4.32 (c) above. These C- shaped 
marks clearly show directionality due to rolling contact with lower balls. This type of 
marks is unique for specimens tested under hybrid contact as mentioned in section 
4.5.1.2. Further similar tests with hybrid contacts showed this C-shaped marks and are 
shown in Figure 4.33 below. As shown in Figure 4.33 (a) the process of pit bridging can 
be seen as part of pit growth. Also, the edge of these C-marks open up during rolling in 
the opposite direction and gets broader as marked in Figure 4.33 (b). This is test 
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specimen S-10 which was tested for 5.25 x 105 stress cycles at a contact pressure of 5 
GPa. 
 
             
(a) (b) 
 
 
(c) 
 
Fig: 4.33 Formation of C-shaped erosion marks on contact track 
 
The high magnification image of this C-mark is shown in 4.33 (c). The edge of this C-
mark gets wider during the course of testing which leads to the formation of micro pits. 
These micro pits then grow during continued exposure to mechano erosion testing. This 
leads to erosion severity eventually causing the test material to fail. Results of test 
specimen S-11 is shown in Figure 4.34. As marked in the Figure 4.34 (a) the smooth area 
is due to rolling contact and a large pit corresponding to the displacement of grain or 
bunch of grains and the adjacent areas show pit enlargement. The surface also becomes 
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very rough. High magnification scanning electron microscope of the failed area show 
clear eroded surface as observed in static erosion testing which proves the material failure 
in this mechano erosion testing is predominately due to erosion. 
 
                
(a) (b) 
 
Fig: 4.34 Final stages of material failure showing severe erosion 
 
4.5.2.3 Delamination wear 
 
Delamination wear was also observed as part of this mechano erosion testing. This was 
observed only on the lower balls not on the upper balls. Scanning electron microscope 
images of this failure is shown in Figure 4.35. This is the result of test S-12 which 
ceramic to ceramic contact of material C. This test was run at high contact pressure and 
speeds of 7000 rpm. The material failed after 1.26 x 106 stress cycles of testing and 
surface investigation on the lower balls showed severe delamination wear with erosion 
signs on the delaminated areas. This delamination wear was not observed when the same 
material was tested without cavitation; test number S-13 i.e. only rolling contact fatigue 
at this high load and speed. The contact track of the upper ball was severely eroded as 
well. The explanation of this delamination wear is due to formation of many numbers of 
micro pits due to bubbling out process. The concentration of these micro pits upon further 
exposure to cavitation and rolling contact allowed displacing a large area resulting in this 
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failure. There is no subsurface crack formation which is typical for spall and 
delamination type of failure. 
             
        (a)       (b) 
 
Fig: 4.35 Delamination wear on material C on lower balls 
 
4.6 Wear conditions 
 
The effect of these mechano erosion testing conditions were also studied to understand 
the test parameter influence on material failure. For this, several tests were carried out by 
varying each parameter in a test thereby allowing arriving at a conclusion on the 
parametric effect. Effect of magnitude of vibration, lubricant was studied in the static 
erosion testing which was repeated in this testing. Also for the rolling contact testing, 
contact pressure and rotational speed are the two key test parameters. The effect of these 
two was also investigated and is detailed in this section. 
 
4.6.1 Effect of contact stress 
 
The effect of contact stress largely influences the nature of erosion pit formation. At low 
loads, the erosion pits formed on the contact track were not deeper compared to the test 
results obtained from high loads. Figure 4.36 (b) shows results of test specimen S-14 
which was run at low load of 3 GPa at the speed of 5000 rpm. As seen in this Figure the 
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number of pit formation is quite high but is not deep. But the results of test specimen S-
15 as shown in Figure 4.36 (a) show deep and elongated erosion pits. 
 
              
       (a)       (b) 
 
Fig: 4.36 Effect of contact stress (a) contact track at high load of 5.2 GPa and (b) Contact 
track at low load of 3.5 GPa 
 
This is clearly due to the effect of high load which increases the contact pressure between 
the rolling elements causing deep and broad erosion marks. One example erosion pit is 
shown in Figure 4.37 below. This is from the same test S-15 which was tested at high 
loads. As seen in these Figures, the erosion pits formed are large which was not observed 
in tests with low loads. 
 
              
        (a)       (b) 
Fig: 4.37 (a) Large pit formation due to high load and (b) Close up of erosion pit 
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4.6.2 Effect of rotational speed 
 
The effect of rotational speed is very clear as the increase in speed increases the number 
of stress cycles. This is shown in Figure 4.38 result obtained from specimens S-16 and S-
17 which was tested at a speed of 2000 and 3000 rpm. The less number of stress cycles in 
the test  S-16 shows very less number of erosion pits, whereas in S-17 with an increase in 
the stress cycles show increased wear with more concentrated erosion marks . High 
speeds also induce certain level of cavitation in the test chamber which could also play a 
role in material wear.  
 
                           
        (a)       (b) 
 
Fig: 4.38 Contact track after 3 hours of testing at speed of (a) 2000 rpm and (b) 3000 rpm 
 
 
4.6.3 Effect of Lubricant 
 
Most of the tests conducted using this new testing methodology was with Macron 110 
lubricant due to industry interest. The influence of test lubricant was also investigated as 
part of this study. Different lubricants used are given in Table 4.3. As previously 
investigated in the static erosion testing for viscosity influence resembles the effect of 
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viscosity on this mechano-erosion testing. The test lubricant with a very low viscosity 
showed a rapid formation of erosion marks on the contact track compared to high viscous 
lubricant. Distilled water, which is lowest of all test lubricants showed erosion marks 
within 40 minutes of testing. Tests on Macron 110 lubricant showed almost similar time 
as distilled water to form erosion pits in one hour of exposure to mechano-erosion. A 
refrigeration oil with a Kinematic viscosity of 32 cSt showed formation of very less 
number of erosion marks on the contact track after 5 hours of testing. This is test 
specimen S- 20. Tests on other high viscous lubricants such as base oil and cylinder oil 
did not show any signs of erosion for a long time and hence these tests were 
discontinued. This clearly suggests that viscosity has a strong influence on the rate of 
erosion. Any increase in the viscosity of the test liquid decreases the rate of erosion and 
therefore the subsequent material damage in this condition. 
 
 
Lubricant 
Viscosity at 40 
C 
(cSt) 
Erosion Initiation period 
(minutes) 
 
Distilled Water 0.658 40 
 
Macron 110 2.4 60 
 
Gargoyle Arctic 
Refrigeration oil 32 480 
 
Base Oil 94.6 Test discontinued 
 
Cylinder oil 1040 Test discontinued 
 
Table: 4.3 Effect of test lubricant 
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4.6.4 Effect cavitation conditions 
 
The effect of cavitation intensity in the test liquid obviously plays a major role in this 
wear process. This can be easily understood by turning off the piezoelectric transducer or 
set it to zero amplitude of vibration. As the vibration amplitude of the transducer was 
gradually increased the rate of erosion increased accordingly. The cavitation intensity in 
the test liquid is determined by the acoustic power generated by the transducer which is 
directly proportional to its vibration amplitude. Below the vibration of 30 microns peak-
to-peak no erosion signs were observed on the test sample for a long time. In static 
erosion testing, the erosion process begins when the amplitude of vibration reached 10 
microns peak-to-peak. But, in mechano erosion testing this was found to be higher due to 
the distance between the tip of the transducer horn and test materials is higher compared 
to static erosion testing. 
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Chapter 5 
 
CONCLUSIONS  
 
 
 
5.1. Conclusions: 
 
With the major advancement of hybrid bearings, particularly operating in low saturation 
temperature lubricants, studies on the wear mechanism of silicon nitride due to cavitation 
is limited. The outcome of the research work presented in this thesis provides a clear 
picture on this. This helped to conclude that erosive wear initiation in silicon nitride is 
due to multiple trans and inter-granular fracture. Also the comparative study on different 
silicon nitride materials showed that microstructure plays a major role.  An effort to 
combine cavitation erosion and rolling contact wear testing resulted in delivering a new 
material testing methodology. This has shown promising results in creating controlled 
erosion on rolling elements in rolling contact experiments. This testing methodology can 
also be adapted for situations where erosion is a concern in moving bodies. Conclusions 
of this research finding for the aims and objectives mentioned in chapter 1 are as follows:  
 
1. The cavitation wear initiation in silicon nitride is due to fracture of grains and 
grain boundaries depending on the material microstructure. This wear initiation 
caused extrication and detachment of material particles completing the incubation 
period of this wear process leading to the next stage of large scale material 
removal, which is the formation of erosion pits. The formation of complete grain 
or Intergranular boundary phase pockets dislodging was not due to single cavity 
impact but rather formed after several cycles of cavity collapse. Also crack 
initiation and propagation was noted which concludes cavitation erosion is a 
surface fatigue process. Cracks which were formed during the initial and wear 
acceleration stages are short and propagate only to a maximum distance of few 
microns due to the nature of erosion loading. Also their growth was retarded by 
adjacent erosion pit or fractured region. 
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2. Hardness and fracture indentation toughness values were similar for material A 
and B, and was smaller for material C. Hardness and fracture indentation 
toughness have limited influence on the cavitation erosion as opposed to micro 
structural aspects and strength. It is expected that conventional fracture 
indentation toughness determined from fairly long cracks which are opposed to 
the grain scale of cracks as observed here are strongly influenced by grain 
bridging, frictional pull-out mechanisms. Hence this could not be a representative 
parameter for assessing the erosion initial cracking damage. A grain scale crack 
initiation and propagation property for these materials is critical. Overall strength 
and effective surface strength does not have a dominating effect on erosion 
resistance from the materials tested here. Microscopic-scale aspects of the 
material microstructure other than grain size may also have more impacts on the 
erosion damage initiation and propagation. 
 
3. Amount, thickness and presence of larger pockets of the intergranular boundary 
phase may influence the local damping and energy absorption or stress 
transmission to the surrounding matrix during cavity collapse. Also the 
amorphous or crystalline character of the intergranular boundary phase or the 
eventual secondary crystalline phase presence from reaction of the sintering 
additives during sintering may be a contributing factor for resistance.  
 
4. Formation of erosion pit clearly shows that it is not displacement of a single grain, 
but it could also be due to displacing bunch of grains. This pit formation is the 
reason for accelerating the wear by huge material loss. Local residual micro-
stresses and binding strength or energy between the different microstructure 
constituents would certainly affect the initial morphology of the cracking, erosion 
pit development and the progression rate of the material damage.  
 
 
5. Tests carried out on rotating cylinder specimens did not show any major change 
in the erosive wear formation compared to the stationary specimen mainly due to 
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the nature of cavitation loading applied in the laboratory. The formation of 
fracture zones were very close and almost appeared in a straight line because of 
the way the specimen was exposed to cavitation.  
 
 
6. Design exploration on the rotary tribometer and acoustic cavitation techniques 
resulted in developing new mechano-erosion testing facility. This made it possible 
to study the effect of liquid/gas phase transition in the lubricant in rolling contact 
testing. Desired level of cavitation in the test lubricant can be achieved thereby 
paving a way to perform studies on the effect of lubricant phase changes on 
rolling contact life.  
 
7. Material wear observed in the mechano-erosion testing is very difficult to assess 
the mechanism due to the complexity in loading conditions. But frequent surface 
analysis revealed that “bubbling out” feature is the reason for material damage at 
initiation stages followed by pit formation and growth. Development of several 
fatigue zones on the contact track lead to concentrated formation of erosion pits as 
opposed to the actual bearing running conditions. 
 
8. Tests on different contacts, hybrid and ceramic showed varying rate in the wear 
process. This is because silicon nitride is less resistant to cavitation compared to 
steel. The difference in the noted wear morphology suggests that the contact 
materials also play a role. Testing conditions such as cavitation intensity, contact 
stress has a strong effect on the rate of the material wear process, but no change in 
the mechanism was identified. 
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5.2 Recommendations for future work 
 
First, an in-depth material characterization is necessary to measure the material properties 
at micro level. This would enable the investigator to identify the critical material property 
which is responsible to resist or accelerate cavitation erosion. So far it has been 
concluded that only the grain size of the material can be used as a parameter to assess 
erosion resistance. Investigation on the contact lubrication in the new mechano-erosion 
testing is required to understand the process of lubrication changes due to the 
introduction of cavitation. This change in the lubrication is critical as it not only affects 
the rolling contact fatigue life but also would change the wear mechanism and hence 
must be explored. Also, the primary wear mechanism produced in these experiments 
were found be to be dominated by cavitation. The secondary mechanisms such as 
redistribution of stresses caused by erosion pit and the lubricant pressure intensity at 
these locations are also critical. 
 
Rolling contact fatigue experiments with pure refrigeration lubrication are possible and 
the results did not show any river mark type wear. A tribometer which would let test 
materials under cryogenic conditions would certain be valuable, this can be adapted from 
the cryo-tribometer reported in the literature and as reviewed in the beginning of this 
thesis. This will allow perform RCF experiments at these conditions and will provide a 
platform to perform a comparative study between cavitation erosive wear and wear due to 
rolling contact. This will enable to understand more about the correlation between river 
marks and erosive wear. A model which describes the cumulative damage accumulation 
of material wear due to cavitation and rolling contact will help predict the life of rolling 
elements and plan preventive measures, but is a long way forward.  
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Appendix A 
 
 
Silicon Nitride - Material Data 
 
 
A brief summary of silicon nitride is presented here. This includes the different 
processing methods to manufacture this material, properties and its common applications. 
Ceramics are a class of materials characterized as brittle, low density, chemically inert, 
very high melting point, and high young’s modulus. This made them find their 
application in several engineering disciplines and has now grown in to a multi-billion 
dollar a year industry. 
A1.1 Overview: 
The development of silicon nitride was a result of investigation of materials to replace 
metals for turbine engine applications in the 1950s. Materials employed in these turbine 
engine applications should withstand high temperatures of 11000 C. This initial goal was 
not yet achieved, but silicon nitride is now used in several industrial applications. Silicon 
nitride is a covalent bond material with a Si atom surrounded by 4 N to form SiN4 
tetrahedra. The high melting point and strong covalent bond make them difficult to sinter. 
Three crystallographic phases exist, out of which α and β phases are common and can be 
produced at normal pressure conditions.  
 
Fig: A1.1 Crystal structure of α and β Silicon nitride (Reidal 2000) 
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α and β phase crystallographic structures are shown in figure A1.1. These two forms are 
distinguished by the stacking sequence of Si-N layers in the structure.  α phase is harder 
and has β stacking phase plus a gliding plane. 
A1.2 Processing Methods: 
Due to the high melting point, brittleness, ceramics cannot be manufactured by methods 
used to manufacture metals and polymers. The main method is sintering, a process to 
form a coherent bonded mass by heating powders without melting. The process begins 
with fine powder typically in the range of 0.5 to 5 µm. Silicon nitride powders are made 
by reduction. Figure A1.2 shows the flow of processing a ceramic. The starting powder is 
processed by drying to reach solid form for compaction.  This dried powder are further 
compacted to form a green body, at this stage pre-mature bonding particles lead to 
agglomeration. The green body is then processed by sintering, simply by heating. To 
accelerate the process, pressure or sintering aids are often used. Surface processing such 
as polishing are finally carried out as required by the application. 
 
Fig: A1.2 Ceramic processing (Roberts 2000). 
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The other method to process silicon nitride is by reaction-bonding. The reaction bonding 
method uses an endothermic reaction to react Si and N gas resulting in a pure silicon 
nitride without any glass phase at the grain boundaries. Iron is used as a catalyst to 
achieve this reaction between the temperatures of 12000 to 14000 C; this leaves the 
formation of iron silicades as marked in figure A1.2. This method forms a porous silicon 
nitride to ensure nitrogen transport. 
3Si + 2N2 --> Si3N4 
  
 
Fig: A1.3 Reaction bonded silicon nitride (RBSN) (Taeffner 2004). 
 
Sintering is further based on the manufacturing methods as: gas-pressure sintered 
(GPSN), hot-pressed (HPSN) and hot isostatically pressed silicon nitride (HIPSN). The 
most common sintering additives used are Alumina, Magnesia, Yttrium, Titanium oxide. 
These additives leave a glassy intergranular phase affecting the properties of the material. 
The selection of sintering additives determines the method to be manufactured as HPSN, 
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HIPSN or GPSN. Microstructure of materials obtained using these different methods are 
shown in figure A1.4.  
      
          (a)      (b) 
      
        (c)       (d) 
Fig: A1.4. Etched surfaces of different silicon nitride (a) sintered (SSN), (b) Hot pressed 
(HPSN), (c) Hot isotatically pressed (HIPSN) and (d) Gas pressure sintered (GPSN) 
(Taeffner 2004). 
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A1.3 Physical Properties: 
Key Properties of silicon nitride from (CERAM 2005): 
• Low density  
• High temperature strength 
• Superior thermal shock resistance 
• Excellent wear resistance 
• Good fracture toughness 
• Mechanical fatigue and creep resistance 
• Good oxidation resistance 
 
 
 
Processing 
Method 
 
Density 
(g/cm3) 
 
Elastic 
Modulus 
(GPa) 
 
Fracture 
Toughness 
(MPa m1/2) 
 
Flexural 
Strength 
(MPa) 
 
Hardness 
(GPa) 
 
Poisson’s 
Ratio 
 
Sintered 
 
 
3.2 
 
276 
 
4.5 
 
600 
 
14 
 
0.24 
 
Hot-
pressed 
 
 
3.2 
 
317 
 
5 
 
800 
 
20 
 
0.28 
 
Reaction-
bound 
 
 
2.5 
 
165 
 
3.6 
 
210 
 
10 
 
0.22 
 
Sintered 
reaction 
bound 
 
 
3.3 
 
297 
 
NA 
 
 
825 
 
19 
 
0.28 
 
Hot 
Isostatic 
pressing 
 
 
3.2 
 
310 
 
6 
 
1000 
 
20 
 
0.28 
 
Table A1.1 Mechanical properties of silicon nitride with different processing (Ying 2001) 
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Material 
 
Density 
(g/cm3) 
 
Elastic 
Modulus 
(GPa) 
 
Hardness 
(GPa) 
 
Fracture 
Toughness 
(MPa m1/2) 
 
Flexural 
Strength 
(MPa) 
 
Silicon 
Nitride 
(Si3N4) 
 
 
3.2 
 
 
315 
 
 
14-18 
 
 
4-7 
 
 
600-1000 
 
Silicon 
Carbide 
(SiC) 
 
 
3.1 
 
 
420 
 
 
20-24 
 
 
2-4 
 
 
 
 
Alumina 
(Al2O3) 
 
3.9 
 
 
390 
 
18-20 
 
3-5 
 
200-300 
 
Zirconia 
(ZrO2) 
 
5.8 
 
210 
 
11-14 
 
8-12 
 
440-720 
 
Bearing 
Steel 
 
7.8 
 
200 
 
10 
 
> 16 
 
 
Table A1.2 Typical properties of Engineering ceramics and bearing steel  
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A1.4 Applications: 
 
Some example applications of silicon nitride are (Morgen 2005) 
• Bearing balls and rollers  
• Cutting tools  
• Valves, turbocharger rotors for engines  
• Turbine blades  
• Glow plugs  
• Molten metal handling  
• Thermocouple sheaths  
• Welding jigs and fixtures  
• Welding nozzles  
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Appendix B 
 
 
Cavitation Erosion Experiments 
 
 
 
This appendix provides a brief summary of the different types of cavitation erosion 
methods used in laboratories to assess the material against cavitation erosion. 
A2.1 Cavitation Laboratory Testing Methods 
 
This can be broadly classified into hydrodynamic and acoustic cavitation. Summary of 
these methods as described in ICET (International Cavitation Erosion Test) is given in 
this section. Hydrodynamic method of cavitation is generated due to flow conditions by 
varying velocity. At high velocities, low pressures and cavities are formed. As shown in 
figure A2.1 a cavitating jet is supplied at a constant pressure through a long nozzle. A 
circular or cylindrical test specimen is kept at the desired location. Upon cavity collapse 
on the specimen, the test specimen erodes and the rate of erosion varies with the intensity 
of the cavitation generated. The flow rate in the nozzle depends on the up stream pressure 
and a cavitation number Cv, a ratio of downstream and upstream pressure is used to 
determine the flow rate. 
 
High intensity of cavitation can be achieved using rotating disk compared to cavitation 
tunnel. This method uses a rotating disk and resembles a pump impeller and therefore 
considered as a well-suited method to replicate the cavitation conditions observed in 
hydraulic machines. This contains a rotating disk with circular or cylindrical holes which 
create cavitation due to low pressures at the holes. Test specimens are fixed on the disc at 
the downstream side allowing to get exposed to cavitation as shown in figure A2.2. The 
major drawback of this method is that it requires extensive cooling system to control the 
heat generation. Acoustic method of generating cavitation is described in the text and 
hence is not included in this appendix. 
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Fig: A2.1. Cavitation tunnel in the Hohenwarte II Pumped-Storage Power Plant in 
Germany (ICET 1998) 
 
 
 
Fig.A2.2. Rotating disk facility in the IMP PAN lab in Gdansk, Poland (ICET 1998) 
1 - disk, 2 -cavitator, 3 - specimen, 4 - stagnator vane, 5,6 - working liquid inlet and 
outlet, respectively, 7 de-aerating valve 
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Appendix C 
 
 
Experimental preparation and surface analysis 
 
 
 
Equipments used to test samples for experiments and surface analyses are presented in 
this appendix. 
 
 
Fig: A3.1 Buehler Vickers Indent generating device 
 
 
 
Fig: A3.2 Specimen Holder for Indentation 
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Fig: A3.3 Digital Light Microscope used for preliminary surface analysis and imaging 
 
 
 
Fig: A3.4 ZYGO Surface scanning microscopy 
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        (a)       (b) 
 
Fig: A3.5 (a) Hand free ball rotating manipulator and (b) Manipulator in Light 
microscope 
 
                  
 
(a) (b) 
 
Fig: A3.6 (a) Ultrasonic bath for specimen cleaning and (b) Specimen dryer 
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   (a)      (b) 
A3.7. Specimen setup for cavitation experiments (a) using feeler gauge and (b) transducer 
horn and specimen 
 
 
 
 
Fig: A3.8. Cavitation erosion test setup. 
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A3.9. Cavitation test in lubricating oil. 
 
 
             
 
Fig: A3.10. Low and High powered piezoelectric transducer. 
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Fig: A3.11. Specimen holders’ for cavitation experiments. 
 
 
 
Fig: A3.12. Cutting machine for specimen dicing. 
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Fig: 3A.13. Crack generating equipment. 
 
 
 
Fig: A3.14. Crack positioning for RCF experiments. 
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Input 
parameters 
   
Intermediate Calculation Result 
νa 0.2798 
Poisson's 
Ratio of 
Silicon 
Nitride   
Effective 
Elasticity 
(GPa) 166.5162292  
νb 0.2798 
Poisson's 
Ratio of 
Steel 
 
Effective 
Radius (m) 0.003175  
Ea 306.96 
Young's 
Modulus of 
Silicon 
Nitride (GPa)     
Eb 306.96 
Young's 
Modulus of 
Steel ball 
(GPa)     
Ra 6.35 
Silicon 
Nitride ball 
radius (mm)     
Rb 6.35 
Steel ball 
radius (mm)     
       
Calculation 
      
Plint Machine 
Load (KN) 
Contact 
Load 
(N) 
Max. 
Compressive 
Stress (GPa) 
Radius of 
contact circle 
(m) 
Max. shear 
stress (Gpa) 
Max. tensile 
stress (Gpa)  
0.195873022 80 3.491982296 0.000104587 1.082514512 0.535437285  
0.391746043 160 4.399622001 0.000131772 1.36388282 0.674608707  
0.587619065 240 5.036309966 0.000150841 1.56125609 0.772234195  
0.783492086 320 5.543176371 0.000166022 1.718384675 0.84995371  
0.979365108 400 5.971205733 0.000178842 1.851073777 0.915584879  
1.17523813 480 6.34535294 0.000190048 1.967059411 0.972954118  
1.371111151 560 6.679921824 0.000200069 2.070775765 1.02425468  
1.566984173 640 6.983964592 0.000209175 2.165029024 1.070874571  
1.762857195 720 7.263615885 0.000217551 2.251720924 1.113754436  
1.958730216 800 7.523247796 0.000225327 2.332206817 1.153564662  
2.154603238 880 7.766099103 0.0002326 2.407490722 1.190801863  
2.350476259 960 7.994643739 0.000239446 2.478339559 1.225845373  
2.546349281 1040 8.210819102 0.00024592 2.545353922 1.258992262  
2.742222303 1120 8.416174118 0.000252071 2.609013977 1.290480031  
2.938095324 1200 8.611968902 0.000257935 2.66971036 1.320501898  
3.133968346 1280 8.799244002 0.000263544 2.727765641 1.349217414  
3.329841368 1360 8.978869793 0.000268924 2.783449636 1.376760035  
3.525714389 1440 9.151582552 0.000274097 2.836990591 1.403242658  
3.721587411 1520 9.318011317 0.000279081 2.888583508 1.428761735  
3.917460432 1600 9.478698262 0.000283894 2.938396461 1.4534004  
4.113333454 1680 9.634114381 0.000288549 2.986575458 1.477230872  
 
Table: A3.1 Contact stress calculations 
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Appendix D 
 
CAVITATING FLOW MODELLING 
 
 
This appendix contains the numerical study on cavitating fluid flow of vibratory 
cavitation in order to assess the pressure loads imposed on test specimen. A 
computational fluid dynamic CFD model was developed to assess these variables and is 
described in section A.D.2. Multiphase flow analysis forms the basis of cavitation model 
development with water and vapour as fluid pairs and is detailed in section A.D 1. The 
bubble growth and collapse near the solid surface is modelled using Rayleigh-Plesset 
model as presented in section A.D 2. To calculate the resulting stresses on test materials 
due to cavitation requires a coupling of two different fields namely fluid dynamics and 
structural modelling is required. A multi-field simulation called as fluid-structural 
interaction was performed and is described in section A.D 3. 
 
A.D 1 Multi Phase Flow: 
 
Multiphase flow is a flow in which more than one fluid is present. The fluids in the 
multiphase flow are assumed to be mixed at macroscopic scale, much larger than 
molecular. Examples are gas bubbles in a liquid, liquid droplet in a gas or in another 
immiscible liquid etc. In these cases, it is necessary to solve for different velocity and 
temperature fields etc. for each fluid. These may interact with each other by means of 
interfacial forces, heat and mass transfer across the phase interfaces. Commercially 
available CFD software was utilized for modelling purposes. This software includes a 
variety of multiphase models to allow the simulation of processes which transport and 
bring into direct contact multiple fluid streams to effect mixing, reaction, and separation 
(CFX 2007).  Eulerian–Eulerian multiphase model is commonly used in most situations. 
The Eulerian multiphase method, sometimes also called the multi-fluid model, is 
characterized by the solution of an individual set of momentum equations for each phase, 
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liquid and vapour. Two different sub-models are available for Eulerian-Eulerian 
multiphase flow: 
 
• The Homogeneous Model: This is the simplest model, in which all fluids share 
the same flow field. This model was used for cavitation modelling since the water 
vapour is finely dispersed in the continuous fluid, which is water. During 
vibratory cavitation, it is clear that bubbles are very well mixed and are 
sufficiently small to eliminate any relative motion between phases. Many bubbly 
flow come close to the limit of negligible relative motion and hence can be 
assumed as homogeneous (Brennen 1995) 
 
• The Inter-fluid Transfer or Inhomogeneous Model: Each fluid possesses its own 
flow field and the fluids interact via inter phase transfer terms. Flow field 
definition such as separate velocity and temperature are required for both phases 
to model this behaviour.  
 
A.D.1.1 Cavitation Models 
 
Numerical modelling and prediction of cavitation is achieved by several methods. Dupont 
(Dupont 2003) summarizes the following methods introduced with three-dimensional 
Reynolds-averaged Navier-Stokes codes. They are: 
 
1. Single fluid model with empirical state law that defines the density variation of a 
liquid-vapour mixture (Rebound et.al 1998) 
2. A volume-of-fluid method based on a two-phase approach where the convection 
of one phase in a second phase is calculated with a possible mass exchange 
between the two phases based on a law of the state (Dieval et al., 1998) 
3.  A cavity-interface tracking method, which iteratively adapts the cavity shape in 
order to reach a given condition (velocity or pressure) at its interface (Hirschi 
1998) 
Appendix D 
 185 
4. A bubbly two-phase flow model solving a Rayleigh-Plesset equation in order to 
calculate the density of a mixture of water and bubbles (Tamura 2001) 
 
Dupont (Dupont et al, 2003) performed a bench-mark study on various commercially 
available CFD codes to evaluate them for cavitation modelling. A double-volute 
centrifugal pump was tested for this purpose and compared with experiments. The results 
obtained from various CFD codes showed that ‘CFX’ – a commercially available CFD 
code was more appropriate for predicting cavitation performance regarding accuracy, and 
is used for this project. CFX uses finite volume method, which means the governing 
equations are integrated around the mesh elements (CFX 2007). The main advantage of 
this method is that the spatial discretisation is carried out directly in the physical space. 
Also it is very flexible and can be easily implemented on a structured or unstructured 
mesh, which means complex geometries can be easily handled (Blazek 2006) 
A.D.1.2 Rayleigh-Plesset Model 
 
The growth of cavities or bubbles is two fold: Upon excitation, bubble nuclei can grow 
into stable bubbles which oscillate for a while until it becomes unstable for a collapse 
which is called stable cavitation or by growing rapidly into much larger one which 
collapses violently called transient cavitation. Young (Young 1999) explains the possible 
causes which prevents a bubble to be in equilibrium. For a perfect gas bubble in 
equilibrium in a liquid,  
                           
o
ov R
PP σ2+=                                      (1) 
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Fig: A.D.1 Gas bubble in a liquid 
 
Where  
vP  -  is the gas pressure, 
  oP - The ambient liquid pressure,  
 σ - The surface tension of the liquid and oR  the radius of the bubble.  
Thus 
ov
o PP
R
−
=
σ2
                                       (2) 
For stability, critical radius  
                           
ov
c PP
R
−
=
σ2
                                      (3) 
 
The above equation is an unstable condition. For if R is less than Rc , the surface tension 
oR
σ2 predominates and bubble contracts, and if R > Rc, the gas pressure Pv dominates and 
the bubble expands indefinitely.  
 
 
There are four possible ways which prevent the bubble to be stable: 
 
• Rise due to buoyancy 
P0 
Pv 
R0 
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• Dissolve due to diffusion of gas out of the bubble 
• Contract due to surface tension 
• Grow due to gas pressure.          
 
Stable bubbles can grow by a second-order effect called rectified diffusion. The rate of 
bubble growth or contraction is provided by Rayleigh-Pesset equation which describes 
the bubble growth in a liquid as follows: 
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                  (4) 
 
Where, p is the pressure in the liquid surrounding the bubble. This equation is derived 
from a mechanical balance, assuming no thermal barriers to bubble growth. 
 
Neglecting the second order terms and the surface tension, equation (4) reduces to: 
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The rate of change of bubble volume follows as: 
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The rate of change of bubble mass is: 
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If there are N numbers of bubbles per unit volume, then the volume fraction r may be 
expressed as: 
NVr O=  
                                                        NRO
3
3
4
pi=                                          (8) 
 
The total inter phase mass transfer rate per unit volume is: 
dt
mdNM O=
•
 
                                                         
f
v
O
g pp
R
r
ρ
ρ
−
=
3
23
                                (9) 
 
The above expression (9) has been derived assuming bubble growth, vaporisation. For 
condensation the rate varies as it is slower than vaporisation.  
 
A.D.2 Vibratory Cavitation Model 
 
One cycle of the transducer vibration was modelled to calculate the resulting liquid 
conditions between the transducer and the test specimen. A transient mode simulation is 
required for this to implement this one cycle of vibration over time. The in-built 
cavitation model in the software uses Rayleigh-Plesset model and was used for this 
simulation. The vibration of the transducer was achieved using a mesh deformation 
option which allow modelling a moving mesh and is detailed in the following sections. 
Cavitation bubble may contain air or water vapour or even both. For this work, it was 
assumed that the bubble contains only water vapour with appropriate volume fraction 
values defined in the model domain. This multi-phase model was assumed to be 
homogenous and the turbulence was also modelled using k-epsilon turbulence model. 
The following sections details the approach and assumption made to build this model. 
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A.D 2.1 Geometry and Grid Generation 
 
The vibratory cavitation system simulated is shown in Figure A.D.3. The fluid domain 
shown in Figure A.D.2 is the region of interest to analyse the flow conditions caused by 
transducer vibration. The modelled transducer is of 12.7 mm diameter same as the test 
material, and due to its cylindrical structure, advantage on the geometric symmetry was 
taken. This has lead to model only a small segment of 15 degrees without loosing the 
overall system behaviour by applying appropriate boundary conditions. The simulated 
system geometry only consists of a fluid region as the transducer and test specimen were 
modelled as walls on both top and bottom side. 
 
 
 
Fig: A.D.2 Schematic of the region of interest. 
 
This geometry was generated using a CAD program and the grid generation was done 
using the CFX mesh method. This geometry is a collection of few faces which should be 
defined as composite regions before generating mesh in order to specify the 
corresponding locations for the boundary conditions. These composite regions form a 
collection of nodes or elements in the grid output for the physics definition. Here as 
 
 
 
Transducer 
 
 
Fluid Domain 
 
Test Specimen Diameter (D) = 12.7 mm 
Transducer  
0.5 mm 
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shown in Figure A.D.3, the top, bottom and side face 2D regions are modelled as opening 
boundaries, where the fluid can enter or leave the fluid domain. The region of interest is 
the transducer, test material and the fluid region in between. Transducer and the test 
material were modelled as solid wall boundaries. The two faces on the Z-axis are 
symmetry regions. Further details on these regions are described in the next section.  
 
 
Fig: A.D.3 schematic of the CFD model. 
 
An extruded 2D mesh was used as meshing strategy; this creates mesh which is more 
aligned with the flow. This method requires specifying the periodic pairs in the model to 
define the grid transformation. Symmetry faces in the system were specified as periodic 
pairs with rotation as the type and the resulting mesh is shown in Figure A.D.4. The 
surface mesh is made of quadrilaterals, but the volume mesh is a mixture of hexahedra 
and triangular prisms. Mesh refinement had to be performed at the region of interest to 
allow several element formations. This was achieved by using “point spacing” and “line 
control” options to specify the required number of divisions for the region. The element 
Transducer 
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length size and the volume adjustment near the faces were achieved using the “face 
spacing” option to specify the required maximum and minimum edge lengths.  The 
outcome of this meshing is shown in the below Figure A.D.4. The top image in the 
Figure shows the complete model and the bottom images show the mesh refinement at 
the region of interest. Several iterations of simulation were carried out to find the right 
level of mesh density required at this region. This was done by increasing the elements in 
the region until no difference in the results was noted. The below structure consists of 
about 170,000 elements, which for 150 solver iterations, with 40 steps for a single 
vibration cycle took approximately 1 day of computational time on a normal desktop 
computer. 
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Fig: A.D.4 Meshed structure with refinement at the region of interest 
A.D.2.2 Fluid Domain Definition    
 
The fluid domain is a mixture of two fluids namely, water and vapour. So the materials 
used for the domain were liquid water at 25 0C and water vapour at 25 0C. As 
homogenous multiphase model was used, both these fluids share same fluid flow 
conditions such as same velocity and turbulence. Thermal effects of the model should be 
included in the domain description. For cavitation modelling this is often assumed as 
isothermal because of the characteristic time required for the bubble nuclei to evolve. 
This bubble evolution time is much larger than the time required for heat transfer and 
hence temperature equilibrium is continuously achieved (Franc 2008, Brennan 1995, 
Leighton 1994). But for larger bubbles the heat transfer behaviour tends to be adiabatic 
(Franc 2004). This model was assumed to be isothermal with the temperature of 25 0C as 
it is reasonable for water cavitation due to the less thermal-sensible fluid properties 
(Utturkar 2008).  
 
In order to include cavitation in the model, the mass transfer between the fluids pairs was 
specified as due to cavitation. The program in-built cavitation model, Rayleigh-Plesset 
was used for this simulation and is proven to be a simple and powerful tool to understand 
various aspects of cavitation (Agostino 2008). The mean nucleation site diameter and 
saturation pressure must be specified and a reasonable default value of 2e-06 m was used. 
Turbulence must be included in model, as applying acoustic cavitation leads to turbulent 
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motion of the liquid (Ashokkumar 2007, Leighton 1994, Bertodano 1994). The k-epsilon 
turbulence model was used for turbulence modelling as it is shown to be stable, 
numerically robust and produces accurate results (CFX 2007).  The initial domain was set 
with a volume fraction of continuous fluid liquid water as 100 % as is the case in real 
conditions.   
A.D.2.3 Boundary Conditions 
 
As only a section of the vibratory cavitation test setup was modelled, which includes the 
transducer horn, the test specimen and the interface and surrounding fluid region. 
Boundary conditions must be properly defined to specify that the model is a part of the 
real fluid domain. Any under defined boundary condition will lead to an insufficient data 
input for CFD solver and any over defined boundary condition will form an unrealistic 
physical model causing solution convergence problems. This cavitation model consists of 
two major parts: solid and fluid. The solid part, being boundary regions constitute the 
transducer and silicon nitride, the fluid part constitutes the opening and symmetry 
regions. 
 
Fig: A.D.5 Boundary conditions for the CFD model 
Transducer 
and test 
material: 
Wall 
Boundary 
Symmetry 
Boundaries 
on Z-axis 
Opening 
Boundaries  
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The transducer was set as wall boundary condition which is defined as fluid-solid 
interface, where the transducer horn interfaces with the fluid domain. The wall influence 
on the flow was defined as relative to the motion of the transducer. Silicon nitride or test 
specimen in this case, which is the bottom face, was modelled as fixed wall boundary. 
The flow at this boundary was specified as free slip, which means the shear stresses at 
this wall is zero and the velocity of the fluid is not retarded by any wall friction effects. 
These wall boundaries act as impenetrable boundaries for the fluid flow. The open 
surfaces in the model were specified as an “opening boundary”, which allows the fluid to 
leave or enter the domain as per the flow conditions. No data on pressure at these 
openings is available and hence these boundaries were moved far away from the 
cavitating regions by 50 mm and the reference pressure was assumed to be 0. The 
symmetry faces in the Z-axis were specified as planar boundary surface, due to the reason 
that all aspects of the flow are symmetric to the plane as shown in Figure A.D.5. Also the 
mesh motion for the opening and symmetry boundaries were set as “unspecified”. 
Volume fractions at all these boundaries were specified as 100% for water and 0 for 
water vapour, however the solver consider this water vapour value as a minimum level of 
10-13. 
A.D.2.4 Transducer Motion 
 
In order to incorporate the vibration of piezoelectric transducer in the CFD model, it is 
necessary to clearly define the motion of the transducer; this can be done by using mesh 
deformation method. This is achieved by modelling the transducer as a moving wall with 
the displacement specified using an expression as required. The transducer vibrates at 
amplitude of 16 and 60 microns peak-to-peak with a frequency of 20 kHz. As shown in 
the Figure A.D.6, the vibration of the transducer was set as a function of time (t) in y 
direction. The co-ordinate system shows the initial position of the transducer is 0. The 
motion of the transducer is sinusoidal with a rarefaction and compression cycle. During 
the rarefaction cycle the transducer moves positive in Y-direction to a maximum distance 
of 16 or 60 microns causing mechanical tension in the fluid and returns back to its initial 
position in the subsequent cycle exerting pressure on the test specimen. 
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               Transducer 
 
 
Fig: A.D.6 Schematic of transducer motion as a function of time 
 
The parameters which govern the motion of the transducer are given in the Table A.D.1. 
One vibration cycle of the transducer motion was simulated. The time period of 50 micro 
seconds was calculated from the frequency and was used as the total simulation time with 
40 time steps. Cosine function used to define the motion of the transducer begins at the 
negative amplitude of -8.0 µm and required an offset to specify that the motion starts at 0 
in the coordinate system. This offset value of 8.0 µm is hence added in the displacement 
expression. The motion plot of the transducer is shown in the Figure A.D.7. 
 
 
 
 
 
 
 
 
 
                                     Fluid Region                                             
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Parameter      Value 
 
 
Initial distance (di)         0  
Final distance (df)      16 µm 
Amplitude (a)       
2
if dd −
 
Frequency    (υ)      20,000 Hz 
Angular Frequency (ω)     125663.706 rad/s 
Time period   (Tp)      0.00005 s 
Displacement in Y direction   (dy)      a
T
t
a
p
+− )2(cos* pi  
Total time (Ttot)          Tp 
Time step (Tstep)        100
pT
 
 
Table: A.D.1 Transducer motion parameters 
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Fig: A.D.7 (a) Actual mesh displacement and (b) with distance offset for simulation. 
 
Appendix D 
 197 
A.D.2.5 Results and Discussion 
 
A.D.2.5.1 Impact pressure 
 
The following sections details the results obtained from these simulations. Initially 
simulations were run without implementing the cavitation model which showed huge 
negative pressures confirming cavitation occurrence. Results shown here are with 
cavitation model implemented. The pressure contour plot at time step 25 for both low and 
high powered transducer is shown in Figure A.D.8. Simulation result of low powered 
transducer showed a maximum pressure of 1.3 MPa and high powered transducer of 
about 4 MPa. Okada measured the amplitude of impact wave on the target material and 
reported to be about 1.2 to 1.4 MPa (Okada, 1999). This was measured by the pit number 
on surface of metal materials induced by cavitation .These values are very close to the 
results obtained in these simulations. However, they are very low compared to other 
pressure values of single bubble collapse reported in the literature, which are about 
hundreds of MPa or even in some GPa range (Pecha 2000, Brujan 2005, Momma 1995, 
Holzfuss 1998, Brennen 1995, Young 1999, Leighton 1994). It should be noted that 
pressures arising from single bubble collapse cannot be a substitute for actual flow 
cavitation.                
 
                 
 
Fig: A.D.8 Pressure contour at time step 25 for low and high powered transducer 
Low Power: 
Time step 25 
High Power: 
Time step 25 
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The maximum pressure values for both transducers obtained from these simulations are 
plotted as is shown in Figure A.D.9. The pressure values of these two transducers show 
that high pressures are generated by the high powered transducer, approximately by a 
factor of 4 compared to the other. Also, the results show that the pressure on the test 
material remains at a very low level or close to 0 until the midway of the vibration cycle; 
this is because the bubble volume increases with drop in pressure. The sudden increase in 
pressure begins when the transducer reveres its direction during the compression cycle, 
the time when the bubble volume decreases. At the final stages of the transducer motion, 
the pressure values on the test material return back to low level or close to 0, implying 
that the loading of cavity pressures on the test material occurs only between 50 and 75% 
of the vibration cycle. There are even variations in this time for tow transducers and can 
be seen in the result at times 2e-5 and 4.5e-5. 
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Fig: A.D.9 Pressure plot comparison for low and high powered transducer 
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A.D.2.5.2 Fluid Velocity  
 
The fluid velocity generated by the transducer motion at time steps 10 and 40 is shown in 
Figure A.D.10.  During the rarefaction cycle, the fluid is driven inside the cavitation 
region as seen in time step 10 and at the compression time steps it is forced to leave the 
cavitation zone. High velocities are generated by the high powered transducer which 
vibrates at 60 µm peak-to-peak at the same frequency of 20 KHz as the low powered 
transducer 
      
 
         
 
Fig: A.D.10 Vector plots of velocity at varying time steps 
Low Power: 
Time step 10 
High Power: 
Time step 10 
Low Power: 
Time step 40 
High Power: 
Time step 40 
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Velocity plot at the cavitation region is shown in Figure A.D.11. The velocity increases 
steadily until the first 10 time steps which is the quarter of the vibration cycle. During the 
first half cycle the fluid moves inside the cavitation region, but the velocity increases 
steadily only until the quarter of the cycle and gradually reduces in the next quarter cycle. 
This reaches a minimum level when the transducer moves to the maximum displacement 
of 16 or 60 µm.  During the compression cycle, the velocity peaks to the maximum in the 
3rd quarter of the total vibration cycle. This could be due to the fact that fluid is forced to 
move out of the cavitation region by the downward motion of the transducer. Also, the 
velocity retards during the final quarter but remain at high velocity. The maximum 
velocities of 2.7 m/s and 10.2 m/s are obtained for the low and high powered transducers, 
which imply that high powered transducer generates fluid velocity of nearly 4 times 
compared to the other. 
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Fig: A.D.11 Velocity plot comparison of low and high powered transducer 
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A.D.2.5.3 Volume Fraction 
 
The main purpose of any cavitation modelling is to determine the volume fraction of 
fluids as a function of time. The change in density of the fluid during the vibration cycle 
is modelled by volume fraction of liquid water and water vapour. This would help 
understand the occurrence of cavitation in a system. The CFD solver determines this 
fraction value by solving its transport equations with appropriate source to regulate mass 
transfer between liquid water and water vapour. Also the shape of the cavity is indicated 
by the phase volume fractions as shown in the Figure A.D.12 below. 
 
                
 
                
Fig: A.D.12. Water vapour volume fraction contour at different time steps. 
Low Power: 
Time step 5 
High Power: 
Time step 5 
Low Power: 
Time step 25 
High Power: 
Time step 25 
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The water vapour volume fractions of both transducers are plotted below in the Figure 
A.D.13. This was done by the same method as followed for pressure and velocity, and 
plotted against time by creating a graph. The fraction values for water vapour increases 
steadily from 0 and reaches the maximum at the end of the half vibration cycle i.e when 
the transducer reaches the maximum displacement. The refraction cycle causes huge 
tension in the liquid which results in bubble formation merely by cavity expansion. This 
expansion of cavities is slightly larger than the compression of cavities due to the fact 
that surface area on expansion is larger than the surface area on compression. During the 
second half cycle vibration, the volume fraction reduces gradually and reaches the 
maximum at the end. This may be due to the decrease in surface area during high 
compression, which was noted in pressure changes that the maximum pressures arise in 
the 3rd quarter of the vibration cycle. As the compression level decreases at the final 
stages, the volume fraction returns to the maximum. Also shown in this Figure that nearly 
4 times higher values for high powered transducer is seen compared to the other, which is 
same as what was observed for pressure and velocities.  
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Fig: A.D.13 Volume fraction plot of low and high powered transducer.      
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A.D.2.5.4 Bubble collapse impact loads: 
 
The liquid/ water vapour force exerted on the test material over one vibration cycle is 
shown in Figure A.D.14. This was calculated by selecting the force in y-direction acting 
on the test material location. In order to plot the force against time steps, an expression 
must be created. This was done by creating a new variable called Fv denoting force in 
vertical direction. The force value in Y-direction calculated by the solver was selected at 
the preferred location; here in this case, is the test material. These values were plotted 
against time for both low and high powered transducer. Exporting these two plots to a 
spreadsheet and were combined as shown in the Figure A.D.13 
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Fig: A.D.14 Bubble collapse impact loads on test material 
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The maximum force exerted by the fluid for low powered transducer is 3.5 N and high 
powered transducer is about 10 N. The variation between the two transducers is 
approximately 3 times. Okada reported on the measurement of impact loads due to 
bubble collapse (Okada 1995). They used a magnesium oxide single crystal mounted on a 
piezoelectric pressure detector and a relation between the impact load F (Newton) and the 
output voltage V (volts) was obtained. With varying force values for different cavity 
impacts, they produced a distribution of force with a range of 0 to 9.5 Newton. These 
values are very identical to what is reported here as the outcome of simulation results.  
 
 
A.D.3 Fluid-Structural Interaction   
 
To perform a structural analysis on the test specimen, the pressure loads must be 
imported from the fluid simulation results. This is a one-way fluid structural simulation, 
where the resulting pressure values obtained from the fluid analysis are transferred to a 
new structural analysis. This structural analysis is a transient one which simulates the 
structural response for each time step of a full vibration cycle of the transducer. The 
geometry remains the same as used for fluid cavitation simulation, but only the solid part 
is taken into account. This was achieved by suppressing the fluid regions and other wall 
boundaries in the model and only generating mesh on the test material. Structural or 
mechanical mesh was generated on the model using the same program. Body constraints 
need to be specified and was appropriately applied by fixing the bottom of the test 
material as in the experiments. The regions on the z-axis were modelled as symmetry 
boundaries. 
 
There is no established routine to directly import the pressure results for transient 
analysis from CFD for all load steps. This required writing a program code called as 
“Macro” to transfer all the pressure values corresponding to each load steps. The flow 
structure is shown in Figure A.D.15. This was done in 3 steps by inserting the relevant 
commands. First the structural mesh was generated, followed by exporting the mesh to 
the working directory in .cdb format. This second command was issued without a solving 
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the simulation in order to only export the required mesh. This mesh was imported in the 
CFD post processing by inserting a program file, which also exports the corresponding 
pressure loads for each load step. The third command in the mechanical simulation was 
then unsuppressed to read the imported load file and subsequently to solve the simulation.  
 
Fig: A.D.15 Flow chart of fluid-structural simulation 
CFD FEA 
GEOMETRY  GEOMETRY  
CFD MESH  MATERIAL INPUT 
SOLVER SETUP  
SOLUTION  
SETUP COMMANDS 
 
1. GENERATE MESH 
(Never suppress) 
 
2. EXPORT MESH .cdb 
(Suppress after first 
run) 
 
3. IMPORT PRESSURE 
LOADS AND SOLVE 
(Unsuppress after first 
run) 
SOLUTION 
POST PROCESSING 
POST PROCESSING 
 
INSERT POST-SCRIPT 
COMMAND FOR MESH 
IMPORT AND LOAD EXPORT 
 
Appendix D 
 206 
0.00E+00
1.00E+06
2.00E+06
3.00E+06
4.00E+06
5.00E+06
6.00E+06
7.00E+06
0.00E+00 1.00E-05 2.00E-05 3.00E-05 4.00E-05 5.00E-05 6.00E-05
Time (s)
M
ax
.
Pr
in
ci
pa
l S
tr
es
s 
(P
a
)
LP Transducer
HP Transducer
 
 
Fig: A.D.16 Stress plot on the test material 
 
The resulting stress curves resemble the pressure values exerted on the test material 
during the vibration cycle. High powered transducer shows a maximum of 6 MPa and the 
low powered transducer show a maximum stress value of 2 MPa. This is less by a factor 
of 3 compared to the other. Also, the stress values remains near zero during most of the 
vibration cycle as shown in the Figure A.D.16. For the time steps until the midway of the 
cycle i.e during the rarefaction cycle the stress values calculated stay close to the 
minimum. These values peak to the maximum just when the compression cycle begins, 
where the transducer exerts huge pressures on the test material. During the final stages of 
the cycle, the stress values return the minimum, suggesting that cavitation loads are 
generated on the test material only during the last quarter of the vibration cycle. 
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